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Introduction.

Let @(u) be a Weierstrass elliptic function satisfying '(u)>=4p(u)>—1. Let
{:=e?"> Then @(u) has a property g(—L{u)={g(u). If b is an element of Z[{], the
integer ring generated by {, we have a b-multiplication formula of g(u). If b is a prime
element and b=1mod 3, the b-multiplication formula is of the form

P+ +b)
(bgo(u)(Nb””/z—}- cee 1)2 >

0.1) | $o(bu) =

and all the coefficients belong to Z[{]. (These facts seem to be already known to
Eisenstein [6]). Therefore the product of the roots {(u)} except for 0 of the numerator
is equal to +b, and the product of reciprocals of the roots {#)} of the denominator
is equal to b2. So we have factorization of b or b2 in an extended integer ring of Z[{].
Analogous fact is known for a function g(u) satisfying o '(u)? =4p(u)? — po(u).

By using these facts essentially, the cubic and quartic Gauss sums were deeply
investigated (see [12] and [13]). So it seems natural for us to expect the existence of
formulae analogous to (0.1) for curves of higher genus. A remarkable formula was
discovered by D. Grant for the curve of genus two defined by y?=x°+1/4 ([9]).

The purpose of this paper is to generalize his formula, Let C be a curve of genus
g (=1) defined by y?=f(x), where f(x) is a polynomial of degree 2g + 1. Let J denote
the Jacobian variety of the curve C, and 1 : C =, J the canonical embedding. We identify
J with a complex torus C?/A where A is a lattice of CY. Let u=(u,, - - -, u,) be the
canonical coordinate system of C? and ¢(u) a meromorphic function on C¢/A. We
assume that ¢(u) satisfies @(—u)= — @(u), because the Abelian functions @(u) we treat
in this paper are odd or even functions. In the below, we denote by x(u) and y(u) the
values of x-coordinate and y-coordinate, respectively, at « such that ue(C). Then the
restriction to 1(C) of the map u+— @(bu) gives an algebraic function. Hence ¢ o1 has a
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rational expression of x(u) and y(u). Since x(—u)=x(u) and y(—u)= — y(u), we have an
expression
Y(u)P(x(u))
0.2 buyy=—————
0.2) @(bu) 0C)

with polynomials P(X) and Q(X). Here we do not mention the irreducibility of right-
hand side of the expression. We regard (0.2) as a generalization of (0.1). We also call
such formula a b-multiplication formula. However, our aim is, as mentioned about (0.1),
to find a nice Abelian function ¢(u) such that every root of its numerator P(X) (or its
denominator) is an algebraic integer and the product of the roots gives a factorization
of b or of a product of conjugates of b, in a certain integer ring.

The author found several such functions ¢(u) in the family of polynomials of
hyperelliptic g-functions constructed by H. F. Baker ([2], [3] and [4]) as Grant did,
because the author believes all the roots of P(X) and Q(X) or all of their reciprocals
are algebraic integers. We will prove that the numerator of the complex multiplication
formula of each our function has required properties. Our functions ¢(u) are Abelian
functions associated to the following curves: curves of genus two defined by y2=x°+1/4
(Grant’s case) and by y2=x5—x, and those of genus three defined by y2=x"+1/4 and
by y?=x7—x (see Theorems 6.1.6, 6.2.5, 7.1.6 and 7.2.5, respectively). Unfortunate-
ly it is generally unknown the existence of such nice functions. So the author do not
explain how to find such functions.

In Section 1, we recall the fundamental facts about hyperelliptic functions from
[2], [3] and [4]. We introduce a well-tuned theta series o(u) called the sigma function,
and define Abelian functions called (hyperelliptic) g-functions as second derivatives of
log o(u). They are nice generalization of sigma function and g-function of Weierstrass.
So our function ¢(u) is a rational function of a(u) and its (higher) derivatives. Dividing
its numerator and denominator by certain power of o(u) or of its derivative yields the
expression just obtained by rewriting (0.2) in terms of a(u) and its derivatives. In this
expression, the denominator is the so-called psi function. We can prove the psi function
is a polynomial of x(u) or polynomial of x(u) multiplied by y(u) when uei(C).

Now we have a rational expression of P(x(u)) in terms of o(u), o(bu), and their
derivatives. We investigate P(x(u)) by using Taylor expansions of a(u). Such expansions
are given by using differential equations of the sigma function after investigation of
singularity of the theta divisor. Let u=P,€1(C) be a point such that x(Py)=0. For
each of our curves such point P, is a torsion point in J. For instance, in the case of
¢@(u) used in (0.1), a point P, such that @(P,)=0 is (1 —{)-torsion. Suppose P, be a
c-torsion point for a non-trivial endomorphism c¢. Assume beEnd(J), the ring of
endomorphisms of J, satisfies »=1modc? in End(J). Then we can obtain very explicitly
first several terms of the Taylor expansion of a(u) at the image of co and P, of C by
the embedding :. This expansion at oo gives the expansion of ¢@(bu) on (C) at 1(o0).
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Hence we can determine the highest term of P(X).

The most difficult part is to give the Taylor expansion of o(bu) at u=P,. Since
a(bu)=o(b(u—Py)+ Po+(b—1)P,) and (b—1)Pye A by the assumption of b, we may
first use the expansion of o(v+ P,) at v=0. However, we need an explicit relation of
the leading coefficients of expansions of o(v+ P,) and a(bv + P,) at v=0. We can express
a(P,) as a special value of exponential of the linear form associated with the translational
formula. The final form of the expansion of a(bu) at u= P, is obtained in Part II by
using this expression. Thus we can determine the lowest term of P(X) by this expansion.
Grant determines the lowest term of P(X) for the curve y?>=x3+1/4 by induction on
b. Since the author can not generalize such induction to other curves, he determmes it
by using the Taylor expansion at P,.

In Sections 6 and 7, we prove the main results for our curves of genus two and
three, respectively. As an instruction, we give proofs of original formulae for elliptic
curves in Section 5 by the method of ours.

We do not discuss the integrality of the coefficients of P(X) in this paper. For the
curve y>=x°+1/4, the integrality of the coefficients of P(X) is essentially proved by
Grant (see [17]), and for the curve y?= x> —x, such thing seems to be proved similarly.
The author is now preparing tools to investigate the coefficients for curves of genus
three. '

If we use most of the results up to Section 4, we can investigate lower and higher
terms of the polynomial expression in terms of x(u) of the numerator of an arbitrary
Abelian function which is a polynomial of Baker’s gp-functions. Furthermore, if we
take a 2-torsion point Q, instead of P, (then y(Q,)=0) and y instead of x, we can find
many Abelian functions such that their coefficients have similar properties like the above
¢@(u). The reason that the author does not discuss such minor formulae is that he wants
to find a formula which gives a non-canonical way to give certain power-root of b or
of a product of conjugates of b as a partial product as in [12] and [13].

CoNVENTION. We denote, as usual, by Z, Q, R and C the ring of rational
integers, the field of rational numbers, the field of real numbers and the field of complex
numbers, respectively. The imaginary unit is denoted by i. For a variety V, the global
sections of a sheaf & on V is denoted by I'(V, #). The sheaf associated to a divisor
D is denoted by O(D). In an expression of the Laurent expansion of a function, the
symbol (d°(z,, * - -, z;) =n) means the terms of total degree at least n with respect to
the variables z,, - - -, z;, When the member of variables or the least total degree are
clear from the context, we simply use the symbol (d°>n) or the dots ““- - -

For cross references, we indicate a formula as (1.2.3), and each of Lemmas,
Propositions, Theorems and Remarks as 4.5.6 for example.
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I. Hyperelliptic Abelian Functions and Theta Divisor

In this part we treat fundamentals of the theory of hyperelliptic functions.

Generalities.

1.1. Differential forms and period matrices. Let C be a smooth projective model

of a curve of genus g > 0 defined over C whose affine equation is given by y2 =f(x), where

S)=Ag+Arx+Ax2 4+ - - Ay, x0T

In this paper, we keep the agreement 4,,,, =1. We use, however, the letter 4,,,, too
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when this notation makes easy to read an equation of homogeneous weight (for example,
1.5.1 below). The roots of the equation f(x)=0 are denoted by

(1.1.1) C1> Q15 Ca5 Apy " " "5 Cpy Agy C

according to their positions (cf. Figure 1). We denote by oo the point of C at infinity.
It is known that the set of

W= " (=1,--,9)

makes a basis of the vector space I'(C, Q'), where Q! is the sheaf of differential forms
of the first kind (see [13, p. 3.77]). Let

29—Jj

’Y(j):=i Z (k+1—'j)ik+1+jxkdx (J=1---,9),
2y k=j

which are differential forms of the second kind without poles except at oo (see [2,

p. 195, Ex. i] or [3, p. 314]). We fix generators a?, B (i=1, - - -, g) of the fundamental

group of C such that their intersections are a®-a?=g0.g0=0, a?-pPV=4,; for

i,j=1, ---, g as illustrated in Figure 1.

(@, 0\ (c,, 0)

BO
FIGURE 1
As usual we let
1) ... 1 1) ... 1
Ia(l)w( ) ja(mw( ) _“pmw( ) jp(y)w( )
o= : RN , o= : I
L(l)a)(g) v J‘a(g)w(y) Iﬂmw(y) ... j‘ﬂ(y)w(g)

be the period matrices. Then the modulus of C is given by Z:=w’~'w”. The lattice of
periods is denoted by A, that is

A=w'[ZZ - Z]+0"[Z Z -+ Z] (=C9).
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We also introduce the matrices of quasi-period:

L,mﬂ(” L«m’?m
n':= oL o= . .
j‘amﬂ(g) ce j'amﬂ(g) ."an(g) RN Iptm"(g)

1.2. The Jacobian variety, the theta divisor. Let J be the Jacobian variety of the
curve C. We identify J with the Picard group Pic°(C) of the linearly equivalent classes
of divisors of degree zero of C. Let Sym?(C) be the g-th symmetric product of C. Then
we have a birational map

_‘. (1)’7(1) T j (y)ﬂ(l)
B ) B

Sym4(C) — Pic°(C)=J
(Py, -+, P)r>theclass of P+ - +P,—g-c0.
As an analytic manifold, J is identified with C?/A. We denote by k the canonical
map C?—C?%A=J. We embed C into J by 1: Q> Q— 0. Let @ be the theta divisor,

that is, the divisor of J determined by the set of classes of the form P,+---+
P, —(g—1)-co.

1.3. The hyperelliptic sigma Function o(u). We let

t t ”
1 ,_'199-1 1 |9
0" := [77 ?:I, 5.—[2 3 2] and 6'_[6’]'

For a and b in (3Z)?, we let

a a
9[ ) :|(z)=9|: i ](z : Z)

= Y exp[2ni{}'(n+a)Z(n+a)+'(n+a)z+b)}] .

neZ¢

Then the hyperelliptic sigma function on C? associated with C is defined by
d(u)=exp(—}un'w’ ™ 'u)8[6)(w’' " 'u; Z)
up to a multiplicative constant. We fix the constant as follows:

LemMA 1.3.1. (1) The lowest terms of the Taylor expansion of 6(u) at u=0 contain
the term yuyuy - - - u, if g is odd, or yuuy - - - u,_, if g is even, with a non-zero constant
y independent of uy, - - -, ugy;

(2) The function 6(u) is an odd function if g=1,2 mod4, and is an even one if

g=3,0 mod4;
(3) The divisor of &(u) is the pull-back of © by the map k : C!*>C?/A=J.

ProOOF. For a proof of (1), see [3, p. 353]. The statements (2) and (3) are given
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in [15, p. 3.97, p. 3.100], Proposition 6.3(c), respectively. []
In this paper, we make the following normalization: we let
o(u):=y" '6(u).

The constant y in 1.3.1 for curves of genus two is studied in [7]. For more details oh
a(u), we refer the reader to [1] and [3].

1.4. Hyperelliptic Abelian functions ¢, («). Forj, k, ---,re{l, ---, g}, let

, 0 0
Uj(“)=glga(u) ’ O-jk---r(u)=a—uj Ok...(U) ,

(1.4.1)

2

0
e logo(u), ... (1) i Pr...(U) .

J J

@)= —

Then the functions g,...,(u) are Abelian functions on the Jacobian variety J of C. We
call each of these functions, simply, a g-function when we talk about their uniform
properties. In the genus one case, the function g,,(u) is essentially the Weierstrass
elliptic function.

Let (u,, - - -, u,) be the system of variables of o(u). Then we can find a set of g
points (xy, y;), - -, (x,, y,) on C such that
(x1,y1) . (xg,4) .
(1.4.2) uj=J w")+"'+J w (j=1,---,9)

with certain paths of integrals. In this situation, the g-functions are characterized as
follows ([3, p. 377)).

LEMMA 1.4.1. Assume that the variables u,, - - -, u, of o(u) depend on g variable
points (x5, 1), * **, (x4 y,) of C by the equation (1.4.2). Let

g 'y .
F(X,, X;)= Z X{X%(A'Zj-f‘l(Xl +X2)+2/12j) .
j=0

Then the functions g,(u) are characterized by the equations

j=1 k=1 ’ (%, —x,)?

g
xf— Y, @wxi =0
ji=1

Jor r, s=1, -, g with r#s. Especially, the functions (;(u) are defined over the field
Q(Ao, * " *5 Azg+1), and (—1)? g, i(u) is the elementary symmetric function of degree
g—j+lofxy, -, x,
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For more details on g-functions, we refer the reader to [2] and [3].
By Lemma 1.3.1(3), we know that

(1.4.3) pi(WellJ, 020)), puwel(J,030)), puw)ellJ,0(40)),

where I'(J, O(n®)) denotes the functions on J having poles, only along @, with at most
n-th order.

1.5. Algebraic relations for g@-functions. Here we recall relations among the
functions @;;(u) and @, (u).

PROPOSITION 1.5.1. Let @:=p;uu) and @;;:=gp;u) for simplicity. The
following equations hold for g=1, 2 and 3:

(1) 93333—6033=24s54;+ 4469033 +42,03,,

(2) $3332—6033032=426§32,+24,(303,— 0,>),

(3) 03331 6031033=426031—247,1,

(4) $3320— 403, —26033022 =253, + 46§31 —24:0,,,

(5) $93321— 2033021 — 4032031 =245031, '

(6) @3311—4031—2033011=2A,

(7)) 93220 603202,=—34,47—2A3033+4A403, +44503, — 6470,

(8) §3221— 46032021 —26031022= —241A7+4A,03, —2A,

(9) 9321146031021 —2032011= —4Aod,+21303,,

(10) 9311166031011 =3440033— 21103, +4A,603,,

(11) 03322 — 603, = —82,A6+24345—64,4,

— 122,033 +44303,+4440,, + 44500, — 1246601, + 12A,

(12) 93221 60:2021= —441A¢—8A0A7— 64,0033 +4A30031 + 444051 — 24560,

(13) 922114031 20220 11= —8hods —8A0§033 — 241032 +44,03, + 243074,

(14) 92111—6021011= —2404s—8A0§3,+24,(303: — £22) +44,0,,,

(15) @1111— 6071 = —4AoAsa+24,A3+440(4031 —3022) + 441021 +44,0,,,

where

A=03:0:1— 031022+ 03— 033011 -

These equations are presented under the convention that if g=1 or 2 then A; with i>2g+1
and g-functions whose suffix contain j bigger than g are all zero.

Note that when g=1 the equation (15) above is a well-known equation derived
from g '(u)> =4f(¢(u)). We refer the reader to [4] for the proof of this proposition.

1.6. The algebraic addition formulae. Here we present algebraic addition
formulae which express each function g,(u+v) as a rational function of {gp,;u)},
{0:;(0)}, {Pwn;w} and {@,;(v)} with 1<h<g, 1<i<gand 1<j<g.

PROPOSITION 1.6.1. a(u+ v)a(u—v)/(a(u)*6(v)?) can be expressed as a polynomial in
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the g(g+1) functions {g;;j(u)} and {g,;(v)} with coefficients in Q.
For a proof of this proposition we refer the reader to [3].

CoroLLARY 1.6.2. Each function ;.. (u+v) has a rational expression in terms
of the functions {p (W)}, {£;(V)}, {9n;W)} and {g,;;v)} with coefficients in Q(o, - " -,
12g+ 1)'

ProoF. After logarithmically differentiating the expression of 1.6.1 by u; and v;,
respectively, by adding the obtained two equations, we have a rational expression of

and {on;(v)}. We operate 0/0u; to thls expression. Then we have a rational expression
of ©,;(u+v) in the functions {p;(w)}, {;V)}, {Ps;W}, {©4;0)}, {Pi@)}, {©i)},
{@ijum(®)} and {@;;:,(v)}. We can obtain the desired expression by using the equations
in 1.5.1. O

1.7. Geometry of the theta divisor. To make clear the subsequent argument,
we define and fix the local parameter ¢ at each point P of C by

x—x(P) if P is an ordinary point ,
(1.7.1) t=4 Yy if P is a branch point different from oo,
1//x if P=oo

Here we call P a branch point if y(P)=0 or co, and an ordinary point otherwise.

We determine the singular locus of the theta divisor ® by using certain matrix
attached to a positive divisor of C. Here our argument is based on [5, pp. 85-86]. For
a point P of C, let ¢ be the local parameter defined above. We denote by P, the point
of C such that the value of ¢ at P, is . Then we define for ueI'(C, Q1)

Slnce p is a holomorphic form, D'u(P) takes finite value at every point P. Let D:=
j=11;P; be a positive divisor. We define by B(D) the matrix with g rows and

degD:=) n; columns whose (i, n, + - * - +n;_, + )-entry is D'w?(P;). This matrix B(D)
informs us of singularity of @ in J at the point determined by the divisor D —(deg D) 0.
For ueI(C, 2'), we can find uniquely c,, - - -, ¢,€ C such that p=c,0®™+ - - - +c,0".

In this situation, the three statements

(1) uel(C,QY(-D)),

(2) D'w(P;)=0 for all j and / with 1 <j<k and 0</<n, and

(3) BD)T[ecy - ¢, 1="T0---0]
are equivalent. So dimI'(C, O(D))=g—rank B(D). The Riemann-Roch theorem states
dimI'(C, O(D))=degD — g+ 1+dimI'(C, Q'(—D)). Hence
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(1.7.2) dimI'(C, O(D))=degD+1—rank B(D).
However, by [1, p. 190, (4.5)], the singularity of @ is known as follows.

LemMma 1.7.1.  The singular locus of © is the points determined by the elements of
{Py+- - +P,_y—(g—1)oo |dimI(C, O(P,+ - - - +P,_,))>1}.

By (1.7.2), dimI'(C, O(D))=1 if and only if rank B(D)=degD. So we can determine
the singular locus of @ by calculating rank B(D). The result is

LemMma 1.7.2. (1) If g=2, O is non-singular.
(2) If g=3, © has only one non-singular point at the origin O=(0, - - -, 0).

ProOF. We first show (2). For two points P, and P,, we calculate B(D) and its
rank in each case that P, =P, or P, # P,, and that each P; is oo, a branch point different
from oo, or an ordinary point. Then we see rank B(D) is 1 only when P, =P, = o0 and
is 2 (=deg(P, + P,)) otherwise. According to 1.7.1 and the statement above this lemma,
we conclude the assertion (2). The assertion (1) is shown by a similar explicit calculation
of B(P) for each point P. []

2. Taylor and Laurent expansions.

In this section, we give lower terms of the Taylor expansion of a(u) at each point
on the curve C.

2.1. Taylor expansion of a(u) at O. Let O=(0, - --,0)eC".

ProposITION 2.1.1. (1) Ifg=1, then the Taylor expansion of a(u) is of the following
form:

ouw=u+(d°=1).
(2) If g=2, then the Taylor expansion of o(u) is of the following form:
ou)=u, +<+Au—LAu3+d°=5), (As=1).
(3) If g=3, then the Taylor expansion of o(u) is of the form

A A A
o(u)=uu;—u; Tou?—%ufuz—lzulzu%—-—a'ulug—_“_ug
22 A A A
—Tzufu3—%u§u3—76u22u32+?6ulu§—T7u2u§+(d°26) ) 4,=1),

and the coefficient of the term uf is A,/45.

Proposition 2.1.1 will be used in Sections 5, 6 and 7. The last statement about a
term of degree six is used only in 3.2.3.
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Proor or 2.1.1. (1) is well-known. The proof of (2) was given by Baker,
and is reproduced in [7, pp. 129-130]. Let us prove (3). Since o(—u)=o0(u), the terms
of odd total degree vanish. From [3, p. 353], we know that the constant term vanishes,
and the form of terms of second order is u;u;—uZ2. Hence 7,,(0)#0, d5,(0)#0 and
the other partial derivatives of second order vanish. The method to compute the terms
of higher degree is essentially the same as in the proof of (2) in [7]. We set u= 0, after
operating 02/0u,0u; or 8%/0u? to the equations, of o(u) and its partial derivatives,
obtained from (6), (8) and (11) of 1.5.1 by multiplying o(«). Then we have the following
siX equations:

(O'ZA)31(0)= —403311(0), (O"ZA)31(O)=03311(0),
(02A)31(0)= =34, +(— 1502222 +03221)0) , (624)22(0)=(03311 —203321)0),
(O'ZA)zz(O) =44, + (30,222 +203,,,)0), (GZA)22(0)= —%'{4 —%52222(0) .

These equations yield 6,,,,(0)= — 84,4, 63,,,(0)=0633,1(0)=0. Furthermore, we rewrite
the leftover eleven equations in 1.5.1 by a(u) and its partial derivatives by the definition
of gp-functions. Multiplying o(u)* to, for instance, the equation obtained from 1.5.1(1)
yields

03333(U)0(U) + 40 33,3(1)0 3(1) — 03 3(u)?
=2A54,0(u)*+ 4)“6(0-3("‘)2 —033(Wo(w) +44,(03(W)a ,(u) — 73, (W)a(w) .

After operating 0%/0u? on this, by plugging u= 0, we have
(2.1.1) —063333(0)0,,(0)=0.

Since 0,,(0)#0, we obtain 05333(0)=0. This shows that the term of u$ vanishes.
Similarly, the leftover equations (2), (3), (4), (5), (7), (9), (10), (12), (13), (14) and (15)
of 1.5.1 give rise to the coefficients of the terms of w,u3, w,u3, uu?, uuu2, udu,,
uiuyuy, uduy, uyu3, uiu?, udu, and uf, respectively. We can show 6333333(0)=164, by

operating */duj on the equation 1.5.1(1) multiplied by o(u)?. [
2.2. Taylor expansion of a(u) at each point of C other than O.

PROPOSITION 2.2.1. Let P be an arbitrary point of x~*1(C) different from points in
A. Then the following statements hold,

(1) If g=1 then a(P)#0.

(2) If g=2 then 0,(P)#0 and o,(P)= —x(P)o,(P). Furthermore the partial
derivatives at P of third degree are written by ones of first and second degree as in the
JSollowing:

2 3

2 2
031011 3 0,201,104 02104 010,201
GIII(P)= 3 —_—— 2 _‘3 +3
o, 2 o3 o5 o3
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3

_3 o%i — 24,0, +44,0,—34, 2L 32, %L _3;, )(P)
4 a5 o, o3
1 63,0, | 631 0320,,0, 1 63,0 of
0'112(P) + —_ +A3O’1 +A4_—+A-5 (P)
2 o, g, o3 4 a3 G,
1 2
am(P)=("2;"“ — s - )(P)
2 2
3 o2
6222(P)= (4 0_22 )(P)-
2

(3) If g=3 then 05(P)=0, 6,(P)#0, ¢,(P)=—x(P)o,(P) and (¢2A)P)=(A,0}/
6,)(P). Furthermore, the partial derivatives at P of third degree are written by ones of
first and second degree as in the following form:

3 2 2 3 52 43
0'111(P)=<—3 021911 _ 2 0'220';101 3 02120'1 +3 02102201 _2 0'22;71 —240,
o, 2 o3 02 0'2 4 o5
3
+4J.20'1—3/13 3/14 315 +316 + Aq )(P)
o, o3 G3 o5 4
1 2 1
0_112(1,)=(__ 022013 + 021 0220210'1 +— 0'22;71 + 0,
2 o, o, o3 4 o3
o? a3 ot 0.15
0'2 0'2 0'2
1 2 3 4
0122(P)= ("22"“ LI/ WYY SR S 1‘3—)(1’),
o, o, o, G; o3
a2 o?
0222(P)= ( —3/16 +3/17 )(P)
g, 62
03,0 03,0
0113(P)= < 32 11)(1;,) 6123(P)= ( 3221 )(P)
o, o,
03,0 03,0 'h
‘7133(P)=( 2721 )(P), 0'223(P)=<—3—2—22— 2'17 )(P)a
] gy P ) _
6233(P)= 70'1)(P) 6333(P)= —24,0,(P).
Proor. The assertion (1) is well-known. We show (3). Since
o G0, —01,0 X1X,X
21 (py= 217270129 (py_ B2 py_ 1%2%s = —x(P),
o> 0y — 0,50 §22 — XX —XX3—X3X) [x;=x=c0

x3=x(P)
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o 030, — 03,0 X1+X5+Xx
2 (p)=237279329 (p)_ ¥32 (p)_ LT X2 7Y =0,

0, 03 —03,0 222 — X3 X3 —X3X3—X3X1 |x,=x,=00
x3 =x(P)

and P#0 it must be ¢,(P)=03(P)=0 and so ¢,(P)#0 by virtue of 1.7.2. We get
633(P)=0 by setting u= P in the equation which is obtained from 1.5.1(1) by writing
it in terms of o(u) and its partial derivatives and multiplying it by a(u)?>. Hence

(2.2.1) 033(P)=0.
We note that A(u)e I'(J, O(2@)) by (6), (8) or (11) of 1.5.1. So we get
(2.2.2) (61032)(P)=(0,031)(P)

by plugging u= P in the equation
3 - 2 2 2
(0°AYu)=(030,0,,—0,0,03,+030,0,,+0503,—2030,03,+030,,—0{03;
2
+03,6,10—0310,,0+05,0—0,0330)(u).

Here we have used (2.2.1), 63(P)=0 and o(P)=0. The rest of our proof are also done
by repeating the same operation as above. Though the facts (2.2.1), (2.2.2) and ¢,(P)#0
are used often in the following, we do not mention it in the proof when they used. The
equation 1.5.1(6) gives rise to

(2.2.3) (6*A)(P)=A,(a7/a,)(P).

Then the equations (8) and (11) of 1.5.1 give rise to the formulae for ¢5,,(P) and ¢ ,,,(P)
by (2.2.3). The equations (3) and (15) of 1.5.1 are not necessary here. The leftover
equations (2), (4), (5), (7), (9), (10), (12), (13) and (14) of 1.5.1 give rise to the formulae
for 6333(P), 6332(P), 0331(P), 6322(P), 6311(P), 6551(P), 6511(P) and ¢,,(P), respectively.
The assertion (2) is obtained by similar calculations. [

2.3. The Laurent expansions of analytic coordinates on C. There are two different
coordinates which identify a point of x~'i(C) or i(C), the analytic coordinate
u=(u;, - -, u,) and a pair of solution (x, y) of the algebraic affine equation defining C.
This subsection is used to make relate these coordinates. If ue k™ '1(C) and r(u) = 1(x, y),
then, by (1.4.2),

(x,y) .
(2.3.1) u,-=j o?  (j=1,-,9)

with certain paths of integrals.
LEMMA 2.3.1. The Laurent expansion of x(u) and y(u) at u= O on the pull-back
k" 1(C) of C to C9 are

XW= @)= 1), )=~ (@)= —29).

g g



394 YOSHIHIRO ONISHI

ProOF. We take t=1/,/x as a local parameter at O along x~'i(C). If u is in

k™ 'C) and sufficiently near O, we agree to that t, u=(u, - - -, u,) and (x,y) are
coordinates of the same point on C. Then
J(x,y) x9 tdx J(x.y) x 3124
u, = =
e 2 o 23/1+A(1/X)+ - - - +Ao(1/x297 1)

t 43 ,(__ 3
=J tzi(df/; 1);”=—t+(d°(t)22).

Hence x(u)=1/u? +(d°(u,)= —1) and our assertion is proved. [
LemMA 2.3.2.  Ifuex™ Y4(C), then the following statements hold.

(1) If g=2 then -
uy=4%u3 +(d°(u)24).

(2) If g=3 then
uy=4u3+(d°(u3)=6), u; =4u3 +(d°(u3)=4).
PROOF. Similar argument as we had in deriving u,= —t+(d°(t)=2) in 2.3.1 gives
u,_=—%43+d°)=4), U,_,=—4t>+(d°(t)=6).
Hence we have the desired formulae. [

The following lemma gives an expression of the Taylor expansion of the analytic
coordinates with respect to the local parameter y at branch points different from oo
along x~11(C).

LemMmA 2.3.3. Let (a,0) be a branch point of C different from oo, that is, f(a)=0,
and let P denote a point of C? such that x(P)=(a, 0). Choose v=(v,, - - -, v,) such that
kK(v+ P)=1(x, y). Then the Taylor expansion of v; as a function of y is of the following
form:

1
~ 7@ 3y
_ y+ 1+af"(a)
7@ 3y
_a? a2 +af"(a))
@) T e

yi+@e(y)=5 if g=1,

1

y +do(y=5 if g=2,

v,

vs y +@o(y»)=5 if g=3.

S'@ gy

PrOOF. Let g=3. Since f'(a)#0 and y?=f(x)=f"(alx—a)+ 5
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1 24 /(@) y*4+(d°>6).

@Y ey

Therefore we have
) x2dx
J(0,0) 2y

(7 I A )(1 S@ s )
= + +d°26)) (——+ +(d°=4))d
uo<a+f'(a)y @) T2 \F@ ey TR
[t/ a2 a(2+a2f”(a))> 24 (go 4>d '
uo<f'(a)+( Fap )P TEE9)y
a? a2+1"(a))

—_ 3 o
“ra’t e TR

The formulae for v, and v, are obtained in the same way. For g=1 or g =2, the formulae
are also shown similarly. [] '

U3=

3. The translational formula of o(u).

In this section, we discuss the translational formula and the Riemann form of o(u).
We also give a generalization of Weber’s psi function ([20, p. 150] or [19, p. 146]) to
higher genus case. Our generalization of the psi function is based on Grant [9].

3.1. The translational formula of a(u). For ueC? we conventionally denote by

", .n

u’ and u” such elements of R? that u=w’'u’+w”u”, where w’ and w” are those defined
in Section 1. We define a C-valued R-bilinear form L( , ) by L(u, v)="u(y’v’ +n"v") for
u, veC’ For / in A, the lattice of periods as defined in Section 1, let

x(D=exp[2ni('l'6" —'1"6"y—mi'l'l"] ,
where 6’ and 6" are those defined in Section 1.
LemMA 3.1.1 (the translational formula). The function a(u) satisfies
ou+D)=yx(No(wyexpL(u+3L1])
for all ue C? and le A.

For a proof of this formula we refer the reader to [2, p. 286].
Let

3.1.1) E(u, v)= L(u, v)— L(v, u) , (u,veC9.
Then, E(, ) is a C-valued R-bilinear form satisfying E(u, v)= — E(v, u).
LEMMA 3.1.2. The linear form E(,) has the following properties:
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(1) E(iu, v)= E(iv, u),
(2) E(u, v)=2mi(u'v"—"'u"v’).
Especially, E(,) is an iR-valued form and 2niZ-valued on A x A.

ProoOF. Statement (1) is proved in [10, p. 85, Theorem 1.2]. Let us prove (2). In
the theory of curves, it is a basic fact that ‘w’n’ and ‘w"”n” are symmetric. So

E(u, v)= L(u, v)— L(v, u)y="u(n'v' +n"v")—"'v(n'u’ +n"u")
=v"o'n’w’  u+v'o"n 0" u—u'o'nw' " tv—"u
=""'w'n'(u' +Zu")+"v""0"n"(Z" v’ +u")

—'w'o'n' (v +2Zv")—"u"w"n"(Z v’ +0v").

"e, 1o 1 1

o'n"w" " v

Since ‘w'n’ and Z are symmetric, it follows that

tw/nrz_:tztwlr’l=tw"twt—1tw/’1/=twnnl ,

rt.rm—~1t " n

twunllz__:tztwlln”:tw w ) r’ =tw/nu.
Therefore, by using the symmetricity of ‘w’'n’ and ‘w”n"” once more, we have

Panlod! t, .7t "o r,.r t,,’t 1 n . nm t., 1t "o, n

E(u, v)="u"'0onv'+'u"*0"n'v'+u" o'n"v" +'u"'w"n"v

nt "o n, .n

—! w"n"u".

"t ol [P/} t

="'y’ —"v"'0"nu’' —"v"'w'n"u" —"v

"”..!

The generalized Legendre relation ‘w'n” —‘w"n’=2nil, shows our assertion. [J

3.2. Functions ¥ ,(u4). In this subsection, we review the original and generalized
Weber’s psi functions defined for the (hyper)elliptic curve C. For the case that J has
complex multiplication, we will treat them more extensively in 4.4.

DEerFINITION 3.2.1. Let neZ. We let

bi=20) when g=1,
o(u

‘/’n(“)=——ol(m;7)z when g=2 or 3.
o,(u

PrROPOSITION 3.2.2. The function y,(u) is a function on C if g=1and on @ if g=>2.
In other words, as a function on C=x"*(C) if g=1 and on k= (O) if g =2, it is periodic
with respect to the lattice A. Furthermore ,(u) restricted to uex™1(C) is a polynomial
of x(u) if g=1, 2 with n odd or g=3 with n even, and is a polynomial of x(u) multiplied
by y(u) if g=1, 2 with n even or g=3 with n odd.

PrOOF. We follow [9, p. 126, Lemma 1]. We have (—1)*©@ = @, because our theta
divisor is comming from a hyperelliptic curve. So n*@ =n20 ([16, p. 59]). Hence the
function ¢,(u): =a(nu)/o(u)™ is a trivial theta function. On the other hand, by 3.1.1, we
have o(n(u + ) = y(nl)o(nu) exp[n>L(u+ %1, )]. By the definition of y( ), x(nl) is equal to
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x(D) or 1 if n is odd or even, respectively. So we have ¢, (u+ )= ¢, (u) for all ue C? and
/e A. Hence the first statement for g=1. Now assume g=2 or 3. Because of

02—0,,0 —263+30,0,,0+06,,,6°
8022(“)-':(2—0_2’&‘)(“), 60222(11):( 2 20_52 222 )(u)

and of a(u)=0 for all uex~ '@, we have

Gut) _ otm) Q) _ o(m)
022 ayu)” —3§0,522(U) 055 (W)™ ~ 32 4"'2(“_)"2 :
for all uex~!(@) if n is even or odd, respectively. Thus y,(u) is a function on @. Hence
the first statement. For uex™'y(C), u=0 if and only if o,(u)=0 by 2.2.1. Therefore

¥.(u) has, as a function on C, only pole at u=0. So it must be a polynomial of x(u)
and y(u). The last statement is shown by x(—u)=x(u), y(—u)= — y(u) and 1.3.1(3). [J

We compute ¢, for n=2, 3 and 4 in 3.2.4 below. To do so we give the following

LeMMA 3.2.3. Let C be the hyperelliptic curve of genus g (=2) defined in 1.1. Let
P be a point of C different from co. If nP e © with n=g or g+ 1, then P is a branch point,
that is, y(P)=0.

ProoOF. Since nPe ®, we have g—1 points Q,, - -, Q,_, such that, as divisors,
nP is linearly equivalent to @, + - +Q,_,+(n—g+ 1)oo ([15, pp. 3.28-297).

For a point Q of C, we here denote by O the point (x(Q), — y(Q)). We first as-
sume n=g. In this case, there exists a function G on C whose divisor is (@, + - - - +
Q,_1+00)—nP. Since P# oo, G may not be a constant function. However, there is no
non-constant function whose poles are bounded by a divisor ) §_, P; such that P;# oo
and P;# P, for every i and j with i#j ([15, pp. 3.30]). Since P o, it must be P=P,
and hence y(P)=0.

Secondly, we assume n=g+ 1. Then there exists a function G on C whose divisor
is (Q;+ - +Q,_;+200)—nP. The divisor of the function (x—x(P))/G is @, + - - - +
Q,-1—(n—2)P. This function may not be a constant. So, by the same argument as in
the case n=g, we have P=P, and hence y(P)=0. []

LEmMA 3.24. (1) Ifg=1 then y,(u)= —2y(u) and if g=2 then Y ,(u)=2y(u).
(2) Ifg=2or g=3 then Y;(u)= —8y(u).

(3) If g=3 then Y 4(u)= 64y(u)*.

Proor. (1) When g=1, 2.1.1(1) implies

o(2u)  2u+(d°=2) _i
ow)?* (w+@°=2)* ud
Thus 2.3.1 and 3.2.2 imply ¥ ,(u)= —2y(u) for ue C. When g=2, 2.1.1(2) and 2.3.2(1)
imply

+...

Yo(u)=
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ou) _ 2u;+44,8ui —4A58u3 +(d°=5)
o5(u)?* (—ui+d°=z4)*
_ “2ui+(@e=z5) 2

C(—ui+@°=4)* u?

Thus 2.3.1 and 3.2.2 imply ¥ ,(u)=2y(u) for ueC.
(2) When g=2, we have
o(3u) 3u, +34,27u —127u3 +(d°>5) _3 1 f
o) (—u3+(d°=4)° o ug®
by 2.1.1(2) and 2.3.2(1). Let P=(x(u), y(u)) and assume ¥ ;(u)=0. Then we have ¢(3u)=0
because a,(u)=0 if and only if u=0 as seen in 2.2.1(2). So 3Pe®. By 3.2.3, it must

‘/’Z(u) luex" 1(C) =

‘ll3(u) |uex ~1(C) =

be P=oo or P=P. This means y(u)=o00 or y(u)= —y(u). Hence we have known,
for uex ™ '1(C), that ¥ ;(u)=0 is equivalent to y(u)=0. So Y ;(u) must be of the form
(3.2.1) Y3 |yen- 140 = — V(W) al)_l 0(>C(u)->€(1”))

y(P)=

by 3.2.2. To determine the product for points P, we look at the vanishing order at each
P such as y(P)=0. Let P=(a, 0). Assume u=v+ Pekx ™ 'i(C). Then y= y(v+ P) is a local
parameter at P. Since

Y30+ P)|, 1 pen- 14(C)
6c3w+P)) o(Bv+P)y(2P)expL(B3v+ P+ P,2P)
- o,(v+ P)° - o,(v+ P)°
_ (304(P)v, +30,(P)v,+(d° 2 3)) exp4L(P, P)1+(d°(v,, v;) 2 1))
- (62(P)+(d°(vy, v) = 1)° ’
it follows from the first statement of 2.2.1(2) and 2.3.3 that

III(U+P) |u+Pex' ‘t(C)=(do(y)23) .

This argument is independent of the choice of a. So the factors of the product in (3.2.1)
contain x(v+ P)—a for all a with f(a)=0. Thus the product must be equal to y(u)>.
Hence Y3(4) | e\ - 1,0, = — 8¥(W)>.

When g=3, we have

o(3u)  Yuyuy—9uZ—815uud+352us+ - -
¢3(u) luex“;(C)= 9 = A7..3 .. )9
a,(v) (—2u,—Fuz+---)
u$ +(d°(u;)=8) _ 8

(—u3+(@d°u3)=5)°  u3!

for uex™'1(C) by 2.1.1(3) and 2.3.2(2). Let P=(x(u), y(4)) and assume y3(u)=0. Then
we have o(3u)=0 because g,(u)=0 if and only if u=0 as seen in 2.2.1(3). Therefore
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3Pe®. By 3.2.3, it must be P=oc0 or P=P. This means y(u)=00 or y(u)= — y(u).
Hence we have known, for ue C, that y;(u)=0 is equivalent to y(u)=0. So ¥ 3(u) must
be of the form

(3.2.2) V) ]yer-1y= =89 [T (x(w)—x(P))

»(P)=0
by 3.2.2. As in the case g=2, we look at the vanishing order at a point P=(q, 0)eC.
By using the Taylor expansion 2.2.1(3) we have

a(3(v+P)) o(Bv+P)y(2P)expL(3v+ P+ P,2P)
¢3(0+P)|"+PEK-1'(C)= o,(v+ P)° B 62(v+P)9
(3(0'1(P)U1 +0,(P), +03(P)v;3)+(d° > 3))exp4L(P, P)(1+(d°(vy, v, 03) 2 1))
(02(P)+(d°(vy, 03, v3) 2 1))°
So 2.3.3 and the first statement of 2.2.1(3) give

‘//3(U+P) IU+PEK—1,(C)=(dO(Y)Z3) .

This argument is independent of the choice of a with f(a)=0. So the factors of the
product in (3.2.2) contain x(v+ P)—a for all a with f(a)=0. Thus the product must be
equal to y(u)*. Hence ¥3(u) |, -1, = — 8y(w)>.

(3) We have

o(du)  16uu;—16u2 —4*3uud +4522us + -
o, (w)'e N (“2“2_ Fui+ - )e
_ 64u3+(d°(u3)=8) 64

C(—u3 @ @) 2I) u?
for uex™'4(C) by 2.1.1(3). Let P=(x(u), y(u)) and assume y,(u)=0. Then we have
o(4u)=0 because o,(u)=0 if and only if u=0 as seen in 2.2.1(3). Hence 4Pe A. By
3.2.3, it must be P=oo or P=P. This means y(u)=o0 or y(u)= —y(u). Hence we

have shown, for uex~'4(C), that y,(u)=0 is equivalent to y(u)=0. So t//4(u) must be of
the form - ,

(3.2.3) Vi) e =64 TT (5= x(P)

l//4(U) luex VT

by 3.2.2. As in the proof of (2), we look at the vanishing order of y,(u) at a point
P=(a,0)e C. We take y=y(u) as a local parameter at P along k= *1(C). Let u=v+ P on
k~'1(C). We first show that o(4v)=(d°(y(u))>6). By 2.3.3, we have

vlv3—v§=<1 S y‘ +(d°>5))(f2 +a(2+ 9’) 3+(d°25))

AL ¥
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a 1+af" 2
— . y+—,——y +(d025)>
(f f?
=(d°(y)=6),
—%v;‘—ﬁvaz—lzva%—ﬁvlvg
A 22 A A A A
——s.iv§+—§ivi"v3—75v§v3—76v§v§+?6v1v§—77vzv§
=L(_ﬁ_ﬁﬁ_lzaz+ 240> Asa®  Agat
M\ T3 3 3 3 3
lsa®  Aga® Ae¢a® l7a7) "
- - + — +(d°=6
3 YT T3 )Y té@=9
=d°(y)=6),

where we simply write f’ and f” instead of f'(a) and f”(a), respectively. By 3.1.1, we have

_o(4v+P) o(4v)x(4P)expL(4v+2P, 2P)
"~ o,(v+P)C c,(v+ P)'*e |

¢4(U+P) |v+Pex‘ 1(C)

Therefore

l'b“'(v-*.f,)||;+Petc‘11(C)=(do(y)26) . |

This argument is independent of the choice of a with f(a)=0. So the factors of
the product in (3.2.3) contain x(v+ P)—a for all a, f(a)=0, with multiplicity at least
three. Hence the product must be equal to yu)®. Therefore we have shown
Yaw)|,, PEK_,l(C)=64y(u)6, and we have established the proof. []

4. Curves of cyclotomic type.

4.1. Automorphisms of C and endomorphisms of J. In this subsection, we treat
the case when the affine equation of the curve C is given by y>=x™+1/4 or y>=x"—x
with m and n odd. In this paper we say such a curve to be of cyclotomic type. In the
latter case, if n—1 is a power of 2, then we call such a curve to be of 2-primary
(cyclotomic) type.

In the first case, we let { =exp(27i/m). Then there are automorphisms

[+¢7]1:C>C, (x,p—~x 1Y)

for j=0, - - -, m—1. Especially, [ +{/ Joo=00, [¢/)(0, 1/2)=(0, 1/2) and [ —17|(—4~ 1/,
0)=(—4"1",0).
In the second case, we let { =exp(mi/(n— 1)). Then there are automorphisms
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[Tl C>C, (6 y)—(¥x )
for j=0, - -,n—1. We have [ {/ Joo =0 and [£?7](0, 0)=(0, 0).
In each of the cases, the automorphism extends to an endomorphism
[ 07 Pyt + Py—goo s [ £071P + - - +[ £ 1P —goo

of Pic®(C), hence, of J, where P, - - -, P, are points of C. We denote by Z[[{ ] the
subring of End(J) generated by {[ ¢/ ]}. The ring Z[[ {']] also acts on C?¢ with A being
stable, that is, ad=A for all aeZ[[{]]. We have obvious relations [1 |=1,
[N ¢ 1=¢/** ] and [ —¢/ 1= —[¢'] In each case, since [ +{/ J(C)=1(C), it is
obvious that [ +{/ @ =6.

LemMA 4.1.1. (1) If C is defined by y?>=x*141/4, then Z[[{ |]=Z[X]/
(X4 +X+D by [ |- X.

(2) If Cis defined by y*=x2"1—x, then Z[[ { 1= Z[X]/(X**+1) by [ { |~ X.

Proor. The isomorphism of (1) (resp. (2)) is easily obtained from the action
rc—l(“u Uy, ", ug)z(culy C2u2a T Cgug)
(reSp- I—C_Kula U, ~°°, ug))=((cu13 C3u2a T, ng_ 1ug)) . I:]

Let b be an element of Z[[{|]. In the following, we will investigate the
b-multiplication a(bu) for a(u), and pull-back b*@ of b-multiplication for @. If beZ
then most results of this section are quite simple. However, for our main results, one
of the most important cases would be when b is an “imaginary’” number in Z[[ {']].

4.2. The Riemann form for a curve of cyclotomic type.

DerFINITION 4.2.1. The function o(u)=0d(u; Z) is said to be a normalized theta
function (in the sense of [10, p. 87] or [18, p. 20]) if the form L(u, v) defined in 3.1 is
hermitian, i.e., L(v, u)= L(u, v) where the bar means the complex conjugate. If that is so,

L(u, v) =% [E(iu, v)+iE(u, v)]

for all u, ve C¥.

LEMMA 4.2.2. Let n’' and n" be the period matrix of differential forms of second
kind as is defined in 1.1. If n'~'n" =Z then o(u) is a normalized theta function.

Proor. By the definition of L(,), L(iu, v)=iL(u, v). We will show that L(u, iv)=
—iL(u, v). Let us define w’ and w” eR? by i’ " 'v=w’+Zw". Then —iw’~ 'v=w’'+Zw".
Since '~ lv=0v'+2Zv"” and 0w’ 'v=0v'+ Zv", we have

L(u, iv)=u(n'w’+n"w")=un'(w + Zw")=un’(icw’~ v)
=un'(—i)v' +Zv")= —iu(n'v' +n"v")= —iL(u, v) .
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Since E(,) is R-valued, we have L(u, v)=L(v, ) by 3.1.2(1) and the relation of L(,) and
E(,) in 4.2.1. Therefore we have the assertion. []

PROPOSITION 4.2.3. If C is of cyclotomic type, then n'~‘n"=Z. Hence o(u; Z) is
normalized because of 4.2.2.

Proor. In our case, the differential forms n*), - - -, @ defined in 1.1 are
2g-1

x 2g—2

g
dx’ '7(2)=(2g—'3)x dx, RS r,(g)=x_dX.

M—=2g—1
n (29 )2y 2 2

Let C be the curve defined by y2=x29*1+1/4 (resp. y2=x2¢*!—Xx) and let

(—4- 124+ 1) Q) (—4-1/(2¢+1) ()
Ki=_[ ®®, Hi:f n®
(0,1/2) 0,1/2)

1,0 1.0)
resp. K;= o®, H;= n®
(0,0) (0.0)

be integrals along the real axis. Then we have

f(—4-1/(29+ 1)zk,0) (-4~ 129+ 1),0)
w(i)=J er_]w(i)z_CkiKi ,
J(0,1/2) (0,1/2)
(f(— 4= 1/(2¢9+ 1)k Q) (—4-1/(2¢+1) 0)
”(i)z'[ I'_Ck"ln(i)=c(2g—i+ l)kHi=C_kiHi
(

v(0,1/2) 0,1/2)

(*(£*,0) (1,0)
(resp. CO(‘)= I_Ck—lw(l)=c(2!- l)kKi ,
J(0,0) (0,0)

["(Z*,0) . (1,0) . . .
n(t)=f rck—ln(x) =C(2(29—1)+ ”kHi: C(—21+ l)kHi) ,
(

(0,1/2) 0,1/2)

e

where each of integrals is along the segment with a constant argument. Let us compute

o (¢, 0) x=0 [:> % @nae x=0
. @0 AN
i+ 0
(@, 0) e ®

(aj-H’ 0) (cj’ 0) (aj+1, 0

FIGURE 2
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the periods matrices ' and n” by choosing paths «? and B as a join of segments of
line in x-plane with constant argx as in Figure 2. Then we are led to the following

relations:
alh K; J.» BU) K; B
for all i and j. Hence
Hy/K, B HyK,
11/ — . . wl s '1" — . . a)/l .
H,/K, H/K,

So we have ' "' =0’ 0" =Z. O

For each be Z[[{ ]] we denote by b the involution in Z[[ { |] induced by [ ¢/ |=
e

ProPOSITION 4.2.4. If C is of cyclotomic type, then
E(bu, v)= E(u, bv) , L(bu, v)= L(u, bv) ,
for all u, veC? and beZ[[ ¢ 1].

PrOOF. Since [{] is an automorphism of A, there exists a matrix M(&’) with
entries in Z such that

[ = [w’w”]M(C”)[ ;‘ ] .

Since [ ¢/ ] is an automorphism of C over Q, it induces an automorphism of the

fundamental group of C. Hence 'M({)HIM(¢/)=1 with I =[ 01 10”] and M(Z)M(¢ ™)

=1,,. Thus we have ‘M({/)I=IM((’)"*=IM({ 7). We define U’ and U” by [{/ |u

=w'U +w"U" or equivalently by [5 ]zM(Cj)[ u :‘, and let [ :;]=M(C‘f)[ U :I,
u v
where the letters u’, u”, v’ and v” are used under the convention of 3.1. Then 3.1.2(2)

and the above equation give

E(TL/ T, v)=2mi(U's" — U "v') =2mi['U" ‘U "JI[ A ]
v
=2mi[*u’ w" ' M(¢)I [ ” ]= 2miltu’ w1 I'M(C ‘f)[ Z ]
v

4

=2mil'u' w1l [ :I: :|=2m'('u’V" —u"V')=E@w, [ ).
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By linearity the proof of the first equation is completed. The second is obtained by the
relation in 4.2.1. O

LemMmAa 4.2.5. If Cis of cyclotomic type, then there is je Z such that
a([ { w)={a(u) .

In particular,

(1) If the genus of Cis 1 or 2, that is, C is defined by y>=y>+1/4, y>=y>—x,
yi=y>+1/4 or y2=y3—x, then o([ { u)={o(u),

(2) If Cis defined by y*>=x"+1/4, then o([ { lu)={*a(u);

(3) If Cis defined by y>=x"—x, then o([ { lu)=_Ca(u).

PrOOF. Since [{ |[*@ =0, the two functions ¢([ { |u) and o(u) have the same

divisor of zeros. So o([ { |u)/o(u) is an entire function, i.e., a trivial theta function. On
the other hand, by 3.1.1, we have

o([ { Nu+1) _ () o ) expL( ¢ Wu+4D, [N
o(u+1) x(D) a(u) expL(u+1l,)) '
Since x( )is 1 or —1, the above quotient is equal to +o([ ¢ |u)/o(u) by virtue of 4.2.4.

Therefore the function o([ ¢ |u)/o(u) is bounded. In fact, if M is the maximum of absolute
values of this function on the domain

ujy uy
u=ow'|l : |t+o"} : ; 0<u;<1, 0<uj<1 for j=1,---g,
ul u/l

g9 g

then o([ { lu)/a(u) < M for all ue C?. Liouville’s theorem says such function is a constant
function, say o([ { |u)/o(u)=c. Consequently, if {¥=1, then
e o({ ) o2 o0 Tw ow)  _
ow) o[ o([¢*72 W a([ % T

So ¢={/ for some jeZ. If g is 1, 2 or 3, by looking at the Taylor expansion 2.1.1 at
O, we get the desired formulae. []

The following Lemma is used in 4.2.8 below.

LEMMA 4.2.6. Let C be of cyclotomic type. Let ¢ and b be elements of Z[[ (1]
such that ¢=c and b=b mod c2. Let P be a point in C? such that cPe A. Then

L(bP, P)=L(P,bP) mod 27niZ .

ProoF. Since b—b=0 mod c?, we can write b—b=ac? with aeZ[[{|]. Then
E(P,(b—b)P)=E(P, ac?P)=E(cP, acP)= E(cP, acP)e2niZ by 4.2.1, because of cPe A
and 3.1.2(2). Therefore!, by 4.2.1,

! Incidentally, since — E(P, bP)=E(bP, P), we have 2E(P, bP)=0 mod 2riZ.
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4.2.1) E(bP, P)=E(P,bP)=E(P,(b—b)P+bP)
=E(P,(b—b)P)+ E(P,bP)=E(P,bP) mod2mniZ .
Furthermore, since
4.2.2) E(i- bP, P)=E(iP, bP)
by 3.1.2(1), we obtain that

L(bP, P) =%(E(i -bP, P)+iE(bP, P))=L(P, bP) mod2niZ .
1

by 4.2.1, (4.2.1) and (4.2.2). [

DErFINITION 4.2.7. Let p: {+—{ ! be the complex conjugate. Let T be an element
of Z[Gal(Q({)/Q)]. If T+ pT is the norm from Q({) to Q, then T is called a type norm
([11, p. 22])). '

LeMMA 4.2.8. Let C be of cyclotomic type.
(1) Let c and b be elements of Z[[{|] such that, as ideals, (c’)=(c) for all

ye Gal(Q(¢)/Q) and such that b=1 mod c2. Let P be a point of C? such that cPe A. If
T is a type norm, then for all ve C?,

o(bT(v+ P))=0(bTv+ P)exp[3(Nb— 1)L(P, P)+ 1 L(bTv, (bT —1)P)Jx(bT—1)P).
(2) For all veC?,
o(w+[ L 1Po)=0(v+ Po) exp[L(v, ([{1—1)Po)
+3L(TC1-T¢ DPo, PYI(C1-1)P).

Proor. The assumption on b and ¢ implies bT=1 mod c¢2. So ()T —1)Pe A and
3.1.1 gives

o(bT(v+P))=0(bTv+P+(bT—1)P)
=a(bTv+P)exp(L(bTv+P+3bT—1)P, (b"—1)P)y(bT—1)P).
Here
L(bTv+P+3(bT—1)P,(bT—1)P)

=LE®BT+1)P,(bT—1)P)+Lb v, (bT—1)P)

=3L(bT+1)P, (BT —1)P)+ L(bTv, T —1)P)

=1(L(b"P,bTP)— L(P, P)) + L(bTv,(bT—1)P) mod2rmiZ by 4.2.6

=3(L(TbTP, P)— L(P, P))+ L(bTv, (bT—1)P) by 4.2.4

=3(Nb—1)L(P, P)+ L(b v, bT—1)P).

Hence we have (1). The formula (2) is obtained analogously. [
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4.3. Action for the theta divisor. In this subsection, the curve C is still assumed
to be of cyclotomic type. For be Z[[ { |] we denote by 5*@ the pull-back of @ with
respect to the endomorphism b. Therefore xk ~!(b*®) is just the divisor of zeros of a(bu),
and E(bu, bv) is the Riemann form associated to this divisor.

The following proposition seems to be true for all C of cyclotomic type. But the
author has no proof of it for 2-primary type (see 4.1) except for the curve defined by
y?=x°—x. We denote by ~ algebraic equivalence and by ~ linear equivalence.

PROPOSITION 4.3.1. Assume g=>2 and C is not of 2-primary type. Let €,, - -, &,
and b be elements of Z[[{ ]] and Iy, 1, - - -, 1, be rational integers. Let p:{+—{"! be
the complex conjugate. If b**° =1+ 1,2+ - - +1,82, then

b*@~ly O+l e2O+ - +1,-e*O .

If C is the curve defined by y2=x%+1/4, 4.3.1 is proved in [9, p. 127, Prop. 1].
We first prove the following lemmas as in [9].

LEMMA 4.3.2. Assume g>2 and C is not of 2-primary type. Let D be a divisor of
J. If D~0and [ +{ |*D~ D, then D~O.

PrOOF. We prove by using the dual Abelian variety of J. Since @ gives a principal
polarization of J and D0, D ~®,— @ for some ueJ, where @, denotes the translation
of ® by u ([16, p. 77, Theorem 1]). Since [{/ |(@)=6O, we have [ +{/|(O®,)=
Oript~06,. Hence [ +{’/ lu=u by [14, p. 186, 6.6]. Because n—1 is not a power of
2, there is an integer v such that 1 —[{"| and 2 are coprime in Z[[ {']]. The above
linear equivalences imply that u is 2-torsion and 1—[ ¥ |-torsion. Hence u=0 and so
D~0. [

ProoF OF 4.3.1. For a divisor D in J, we denote by E,(,) the Riemann form
associated to D which takes values in 27iZ on A x A ([11, p. 68]). Then
E,.¢(u, v)= E(bu, bv)= E(bbu, v) (by 4.2.4)
=Eb ' Pu, 0)=E((lo+1,e} + - - - +1,e3)u, v)
=1,E(u, v)+1,E(efu, v)+ - - - +1,E(e?u, v)
=loE(u, v)+ 1, E(g,u, &,0)+ - - - +1,E(e,u, €,0)
= Ezo-9+11-e;e+---+t,.-e;9(ua v).
Thus b*@ =1, O +1, - e¥O+ - - - + 1, &¥O. Since the both divisors are invariant by the
action [ +{|*, 4.3.2 implies they are linearly equivalent. [

For a curve of 2-primary type, the proof above cannot be applied. Here we give
a proof only for the curve defined by y%=x°—x, for the case ¢, of 4.3.1 is a certain
special element. Note that, for this curve, the map Z[[{ |]-End(J) is known to be
injective and the image is isomorphic to Z[{] by [ ¢/ | (see also 6.2).
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PROPOSITION 4.3.3.  Assume Cis definedby y>=x°—x. Lete; =1+./2 =1+{—{3
and b be an element of Z[{]. Let p : {+—{ ! be the complex conjugate. If b1 *? =1,+1,e?
with rational integers I, and 1, then b*@ ~1,- O +1, - £}¥0O.

ProoOF. We prove the statement in somewhat extended form. First of all, we note
the following. Let be Z[{] and b=p+q{ +r{*+s{> with integers p, g, r and 5. Then

b7 =(p?+q>+r?+5>+3(—pq+ps—rs+qr)+((pg—ps+rs—qr)ef .

So, in the expression b!*?=[,+1,e? for arbitrary be Z[{] with /, and /,€Q, it is
actually 2/, and 2/, € Z. Now let us prove that, for every be Z[{], if 2b* *# =21+ 2l,¢?
then 2(b*@) ~2l,+ @ + 21, - {0, and if moreover /, I, € Z then (b*O)~1y- O+, - e}O
by induction with respect to p, ¢, r and s. In the following we note that [ {/ |*@ =6.
If four or three of p, g, r and s are 0, the statement is trivial. We frequently apply [16,
p- 58, Corollary 2]. We get that

O=1+i—i)*@~(1+i)*O+(1—-i)*O@ +0*O —30

=1+)*@ +((i+1)(—i)*@—-30=2-(1+i)*0—36.
Hence (1+)*@~2+0 and ({—{>*O =((1+i)(—{3)*@ ~2- 6. For the pull-back of
1+, from
eFO=1+{-)0~1+*0+(1-{H*0+((~3*0 30

~1+*O+((+1(—C3))*O0+20-30=2-(1+()*O -0,
we have 2-(1+0)*O~ —-0O+¢e¥® and (1-0)*O=(1+(-{-)*O~40 —(1+0)*6.
These are a part of the desired results since (1+¢)'*?=1(—1+¢?). Therefore the
statement is shown for 1 +{3>={3(1—-{), {+{*={(1+1i) and {*+{3>={(1 +{). By using
these results, we can check easily the statement for » with three or four of p, g, r and
s being 1. The rest of the proof is completed by induction as follows. If the statement
is true for b and b—{’ then it is true for b+{¢/. In fact, let b**?=1],+/,62 and
(b—=LH'"P=b P —((TIb+{BP)+ 1 =my+mye2. Then (b4 C°)=(lyg—mo+ 1)+ (I, —
myef. Thus (b+{/)*°=Ql,—my+2)+(2l;,—m,)e?. Note that the coefficients
2ly—my+2 and my, 21, —m, and m, are of the same parity. On the other hand,

b*O ~(b+{)H)*O +(b—{)*O +0*@ —b*O -2+ O
yields
b+H*O~2-b*O@—(b—{)*O+2- 6O .

So we have

2:(b+{)*O~2Q2ly—my+2)- O +22l,—m,) - e¥O .
Furthermore, if 21, —my+2 and 2I, —m, € Z, then we have

B+ O~Qly—my+2)- O+ (21, —m,) - e*O .
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Hence the statement is also true for b+ {’. Similarly, if the statement is true for b and
b+ {7 then it is true for b—{’. Thus we have shown the assertion for all 5. []

4.4. Further generalization of psi functions. Here we construct a generalized
Weber’s psi function.

LEMMA 4.4.1. Let b be an element of Z[[ { |]. Under the notation of 4.3.1 or 4.3.3,
the function

o(bu)

o(w)ea(e,u) - - - ole,u)

dp(u)=

on C9 satisfies

Gp(u+D)= =t pp(u)

Jor all ue C? and le A. Here the signature + is independent of u. Moreover if C is not

of 2-primary type or is defined by y*=x5—x, then

Pp(u+ )= y(u)
for all ueC? and le A.

The author can not follow the proof of [9, Section 3] for C defined by y2=x5+1/4.
Here we give another proof.

PROOF. As is shown in 4.3.1 or 4.3.3,
E(bu, bv)=1yE(u, v)+1,E(e,u, £,0)+ - - - +1,E(g,u, &,0) .
Because of this and i(bu) = b(iu) for all ue C?, we have
L(bu, bv)=1,L(u, v)+ 1, L(e,u, g,0)+ * - - +1,L(g,u, &,v) .
‘Hence
a(b(u+1)) = a(bu + bl) = x(bl)a(bu) exp[ L(b(u+ 4 1), bl)]
= x(bl)a(bu) exp[loL(u+ %1, 1)] exp[l, L(e,(u + %), €,])]
- explLL(e(u+11), &,1)]
by 3.1.1. On the other hand, we have
o(e;j(u+1)) = x(e;l)o(e;u) exp[ L(e;(u+11), g;1)]

forj=1, ---,nby 3.1.1. Since ()= + 1 for Ae A, we get ¢,(u+1)= + ¢,(u) for all ue C?
and leA. As ¢ (u+1)/¢p,(u) is a meromorphic function, the signature + must be
determined by /. Now we assume that C is not of 2-primary type or the curve defined
by y?=x°—x. Then 4.3.1 and 4.3.3 imply that the divisor of ¢,(u) is the pull-back of
a divisor of a function with respect to the map x: C?—>C9A. Thus we can write
¢p(1) =f(u)e(u), where f(u) is periodic with the periods A and e(u) is a trivial theta function
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with respect to the lattice A (see [10, p. 82]). Then we have e(u+1)= +e(u). As in the
proof of 4.2.5, if M is the maximum of e(u) on the domain

uy uy
u=aow' +w" ; OSu;Sl,OSuJ"sl fOI'j=1, g,
u; u;’

then e(u) < M for all ue C?. Thus Liouville’s theorem says that e(u) is a constant function.
Hence the signature must be +. So we have completed the proof. []

Since ¢,(u) has poles along the pull-back of @, we modify it as in [9].
DEFINITION-PROPOSITION 4.4.2. Let be Z[[{]]. Let

Ypu)= ZEZ;()) if g=1 and
_ a(bu) ) _
W)= e - o T 972

in the same situation as 4.3.1 or 4.3.2. Then Y (u+1)= +y,(w) for all uex™*1(C) and
le A. Here the signature + is independent of u. Moreover, if C is of genus 1 or not of
2-primary type except the curve defined by y*=x>—x, then

Yulu+D=u)
Jor all uex™ "4y(C) and Il A.
The proof is given by a similar fashion as in 3.2.2 by looking at the parity of /.

REMARK 4.4.3. In the rest of this paper we treat only the case b'*?=1I,eZ. So
we need not choose {e;} explicitly. We see that, in this case, Y,(u) is a polynomial of
x(u) or a such multiplied by y(u) due to 3.2.2.

II. Complex Multiplication Formulae

We mention here conventions for the following three sections. We freely use the
notation of Part I. Let ¢(u) be an element of the ring

QLp;j(w), p,;[v), p:pw), £ (V) | Lj,k=1,-,4g].

Let be Z[[{']]. Then 1.4.1 and 1.6.2 show that ¢(bu)|
P(x(w), y(u))

b = T W

P9 = Gt i)

where P(X, Y) and Q(X, Y)eQ({)[X, Y]. Especially we have shown the assertions
about the coefficients in Theorems 5.1.3, 5.2.3, 6.1.6, and 7.1.6 below.

uex(c) Can be expressed as
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From now on we assume C is a curve of cyclotomic type. We fix a special point
P, such that x(P,)=0: if C is defined by the affine equation y2=x2¢*141/4 then P,
is the point (0, 1/2), if C is defined by y*>=x2¢*! — x then without saying P, is the point
(0, 0).

Suppose we have labeled the roots of f(x) as in (1.1.1). Such labels are described
at the beginning of each subsection below. By applying the argument in our proof of
4.2.3, with the same notation, for the integrals along the paths «*) and ¥, we can
write the entries of @', w”, ', and ” by K;’s and H;’s.

We choose and fix a point in C? whose image of the map x: C—»C?/A=J is P,.
We denote such a point also by P,. Throughout Sections 5, 6 and 7 such a point is
assumed to be given by taking the integral (2.3.1) along the line on which the x-coordinate
is real negative (resp. positive) and the y-coordinate has negative imaginary part or is
real positive if the curve C is defined by y2=x29*1+1/4 (resp. y2=x29*1—x). Then
the coordinates of [ {/ |P,’s can be written explicitely, as we describe in each of the
following subsections, in the form [/ |P,=w'u’+ w"u” by taking care that the integral
from oo to (—41/29* 1 () (resp. to (1, 0)) along negative (resp. positive) part of the real
axis of x is half of the one along a!!.

In these sections, we give explicitly the highest and lowest term of P(X, Y) for each
of the special functions ¢@(u).

In Section 5 we write u; as u, K, as K, and H, as H.

5. Elliptic curves of cyclotomic type.

5.1. The curve defined by y>=x3+1/4. We here give a version of the product
formula of Eisenstein (see Section 8) for the curve C defined by y?=x3+1/4. According
to 4.1.1(1) the ring Z[[ { [] is isomorphic to the ring Z[{] by [{ ]—{. So we may
identify Z[[ ¢ ']] and Z[{].

We let c=—4"13, g, =—4"13(, ¢, = —4"13¢2 in (1.1.1). Then we have

w'=2K(-{?), o"=2K(-1), n'=2H(*-{), n"=2H(*-1),
and
(5.1.1) Py=K(—-(*’+{)—K=}o0'+i0".
PROPOSITION 5.1.1. a(P,)®= —exp3L(P,, P,).

Proor. Because of y(P,)=1/2, it is obtained from 3.2.4(1) and (2) that ¢(2P,)=
—a(Py)*. On the other hand, from 3.1.1, we get

0(2Py)=06(—Py+3Py)= —exp[3 L(P,, Po)]U(*Po)=exP[%L(Po, Po)la(Py) .

Here we used that o(—u)= —o(u) and that x(3P,)= — 1 which is calculated by (5.1.1).
Hence the statement. [J
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PROPOSITION 5.1.2.  Let b be an element of Z[{]. If b=1 mod (1 —{)?, then
o(b(v+ Py))=(—1)Ne~DB3xy((b—1)P)o(Po)Nt ~a(bv+ Po)1 +(d° = 1)) .
PROOF. Since Nb—1=0 mod 3, the statement follows from 4.2.8(1) and
exp[$(Nb— DL(Po, Po)]=0(Po)™* ! |
which is a result of 5.1.1. [

THEOREM 5.1.3 (Eisenstein). Let beZ[{] and assume b=1 mod (1—{)*. Then
Y(u)* @(bu) is of the form

with y;€ Q({). Moreover yo=5b and yy,_,=1.
PrOOF. First, we look at the Laurent expansion at u= 0. By 2.1.‘1( 1), we have

o'(bu)* —o"(bu)a(bu)

So(bu)(!//b(u))z = G(U)ZNb
I+ —@°=0)bu+---) 1
= (et )b PR

Since o(u) is an odd function and has only zeros at ued by 2.2.1(1), we know that
g (bu,(w)? is a polynomial of x(u). Thus we have @(buly,(u)? =x(u)¥+ - - - by 2.3.1.
Secondly, we look at the Laurent expansion at u= P,. Since b—1=0 mod (1 —¢)2, by
using 5.1.2, we have

a(b(v+Py))*  p(b(v+Py))
o+ Po)*N  p(v+Py)

_ (=127 DBy((b—1)Py)*a(Po)*™~ 2g(bv+ Po)>  p(bv+ Py)
- o+ Po)™2g(u + Py) 2 o+ Py)
_a(bv+Pp)* bp'(bv+P,)
C ow+P)  p'(v+Py)
=b+(d°=1)  (since '(bPy)=gp'(Po)+#0).

P(bv+ Po))Ws(v+ Po))?/o(v+ Po) =

+d°=1)

+(d°=1) (since a(P,)#0)

Because 2.2.1(1) states the function y,(u)?g(bu) has only pole at u=0 the coefficient of
the lowest term must be b. Since y,( — {u)? g (— {bu) = { Ny, (u)? ¢o(bu) because of 4.2.5(1),
the function must be a polynomial of x(u)® multiplied by x(u). [

5.2. The curve defined by y?>=x3—x. Here we assume that the curve Cis defined
by y?=x3—x. For this curve the ring Z[[i']] is also isomorphic to the ring Z[i] by
[i']—i. So we identify Z[[i |] and Z[:]. In this subsection, we write u, as u. We let
c=1,a,=0, and ¢; = —1, in the notation of 1.1.1. The argument in the proof of 4.2.3
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applied to the integrals along the paths «’ and B’ gives
o'=2K, w"=2Ki, n'=2H, n"=-2Hi.

As in the previous subsection we take a point in C whose image of the
mapk : C-»C/A=J=Cis P, and denote it also by P,
Similar path as in (5.1.1) gives

(5.2.1) P,=iK—K=—}0o'+}0".

PROPOSITION 5.2.1. a(Py)* =exp[2L(Py, Py)].

Proor. After differentiating the formula of 3.2.4(1), by setting u=P,, we have
—20(Py)*=20'(2P,). On the other hand, we get o(u+2P,)=x(2Po)o(u)exp[L(u+
P,,2P,)] from 3.1.1. After differentiating this, by setting u=0, we have ¢'(2P,)=

—exp(2L(P,, P,y)) because of ¢'(0)=1 and 6(0)=0. Here we have used the fact
¥(2P,)= — 1 which is obtained by (5.2.1). Hence a(P,)* =exp[2L(P,, Po)]. O

PROPOSITION 5.2.2. Let b be an element of Z[i]. If b=1 mod 4, then
a(b(v+ Po)) = x((b — 1)Py)a(Po)"* ~1a(bv+ Po)(1 +(d° > 1)) .

ProoOF. Since b=1 mod4, we have Nb=1 mod4. The statement follows from
4.2.8(1) and

exp[$(Nb—1)L(P,, Po)]=a(Po)™" ™"
which is given by 5.2.1. []

THEOREM 5.2.3 (Eisenstein). Let beZ[i] and assume b=1 mod4. Then
Yu(u)? p(bu) is of the form

Yu(u)? o (bu) = x(u) Z 14 jx(“)j
0<j<Nb-—-1
j=Omod2
with y;€ Q(i). Moreover vy, =b% and yp_,=1.

PROOF. As in the proof of 5.1.3 we have that g@(bu)y,(u)>=1/u*N?+ - - -, that
@(bu,(u)? is a polynomial of x(u) with coefficients in Q(i), and that @(bu)y,(u)*=
x(u)N®+ - - . For the Laurent expansion at u= P, since b—1=0 mod4 and g(u) has a
double order zero at P,

2
@(b(v+ Po))Ws(v+ Po)/ v+ Po)= Z‘(’Zfii 1’)02 , pgfab(g)v: 1:3»
_ x((b— 1)P)26(Po) 2™~ 2g(bv+ P,)> p(bv+Py)
T oo+ Po)™ " 26(v+ P,)? o0+ Po)
_ a(bv+ P,)? . b2p"(bv+ Py)
© o(w+P)? "+ Po)

+@°=1) (by 5.2.2)

+(d°>1)  (since a(Py)#0)
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=b2+(d°>1)  (since p'(bPo)=p'(Po)#0).

Since ,(iu)? o (ibu) =(— 1)N°y,(u)? po(bu) because of 4.2.5(1), the function must be a
polynomial of x(u)®> multiplied by x(u). [

6. Genus two curves of cyclotomic type.

6.1. The curve defined by y>=x5+1/4. Now let us cbnsider Grant’s original case.
So the curve C is defined by y?=x°+1/2. According to the isomorphism of 4.1.1(1)
the ring Z[[ { [] can be identified with Z[{] by [{]+ . The endomorphism [ —¢/7] on
C? is described as
(6.1.1) [ =87 Mwgs u2) = (—Luy, —%u,).
We let c=—4715 a;= 4713 ¢\ = —4715%2 a,=—4715(3, c,=—4715(4, in
(1.1.1). Then we have
o — [ 2K,((*—(%  2K,((—-(?) ]

| 2K,(0—0%)  2K,(02—0Y
o | 2K(=14+0—-02+8%) 2K, (-1) ]

T 2Ky (— 14000 2K —1)
,,,JzHl(CZ—o 2H1(c4—c3)]
| 2H,((*—¢%) 2H,3—-0) 1
,,,,=‘2H1(—1+c4—c3+52) 2H1(c4—1)]
| 2H,(— 14030+ 2H,*—1) ]

The point P, is

6.1.2) PO=|:K1(C—C2+53—C4)—K1 ]=w’|:2/5 ]+w”[ 1/5:|.
Ky(?—(*+{—{)—K, 1/5 1/5

Then [ {7 |P, are given by (6.1.1) as follows:

K-+t ] [ —3/5] [1/5]
P — — ! ” .
M | cekyr—ttrr—gr—n )L —as 1TC Ly
K-t [ 25 1/5
rep,=| <K —o’ ]+ [ ]
€13 k=t e——n T O Lys 1T L —ays
rc3—'P =PC3K1(C”C2+C3_C4‘“1)—=(DI— —3/5:I+w"l: 1/5]
Lokt —ctve—3-1 1 L 15 1/5 1
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p _ C“KI(C—CZ+C3—C‘*—1)]= [ 2/5] ,,[1/5]
K jP"“[c31<2(c2—c4+c—c3—1) Va5t Lys )

Now let us compute the Taylor expansion at u= P, explicitly. Since
-1 0
(6.1.4) (I_C‘]—I)P(,:w'[ 1]+w”[0:|
by (6.1.2) and (6.1.3), we have x(([ { |—1)P,)=1. After substituting this to 4.2.8(2) and
differentiating it by v,, by setting v=0, we have
6, IPo)=0:(Po)exp 3 LITE1— L VP, Po) ,
since o(P,)=0. Because of 4.2.5(1) and 6,(P,)#0 (see 2.2.1(2)), it must be

exp + LT[ DPo, Po)=L*.
Therefore 4.2.8(2) gives rise to

(6.1.5) o+ [ 1P)={*a(v+Po)exp[L(v, ([ £ 1—1)Po)] .

After operating 82/0u;du; to (6.1.5), by setting v=0, we have

(6.1.6) O'ij(rc—lpo)=C40'ij(Po)+0'i(P0)(—'111j_'l'2j)€4+o'j(Po)(‘—'Illi_'l'zi)C4

by (6.1.4). For the case i=j= 1,‘(6.1.‘6) is of no use because a,(P,)=0. But 2.2.1 gives
0'1 I(PO) = 2\/1(—)0.2(1)0) = 0-2(P0). Set i= 1 and j= 2 in (6.1.6), then GIZ(PO) - 2H1(C2 =+
{*)6,(P,). By a similar fashion, we get 0,,(Po)=4H,({*+(?)0,(P,). Although these
explicit values are unnecessary to prove 6.1.6 below, we mention this here to make 6.1.1
below clean. The Taylor expansion at O is given by 2.1.1(2). Thus we have arrived at

PROPOSITION 6.1.1. Assume C is defined by y*> = x>+ 1/4. Let P, be the point whose
coordinate is given by (6.1.2). Then

¢y o(w)=u, —4u3 +(d°=5),
2) 0(U+Po)=°'2(Po)<Uz +%012+')’12”1”2 +%022+%31_’i"

4 2
where y1,=2H ({2 +{*) and y,, =4H,((*+{*).
PROPOSITION 6.1.2.  6,(P,)° =exp3L(Py, Po).

2 . 2
+(7£+}£)va2+ “22”22 vlv§+%v§+(d°23)>’

Proor. Because of y(P,)=1/2, it is obtained from 3.2.4(1) and (2) that
(2P,) =0 ,(Po)*, 6(3Py)=0,(P,)°. On the other hand, from 3.1.1, we get
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0(3Pg)=0(—2P¢+5P,)= —exp[3L(Po, Po)]6(2P,) .

Here we used that o(—u)= — o(u) and that y(5P,)= 1 which is given by (6.1. 2) Therefore
we obtaln

*'Uz(Pq)9= "FXP[%L(PO, Po)]o'z(Po)4
and hence the statement. |:|

We denote by 7 the element of Gal(Q({)/Q) such that {*={¢2. Then 141 is a type
norm (see 4.2.7) in Z[Gal(Q({ )/Q)] -

Lemva 6.1.3. If beZ[L], then y((b*** ' —1)P¥ ' =1

Proor. If Nb is odd, the statement is trivial. So we assume Nb is even. For /e A,
it is easily verified from the definition that the value x(J) is determined only by I mod 2.
By the assumption on b, we may write b* ** "' =(a,{ + a,{? +a3{ 3 +a,.*(1—{) + 1. Since
2 is a prime in Z[{], we have b=0 mod2 and hence b'**"'=0 mod2. By simple
calculation, we see that a; =a;=1 mod2 and a,=a, =0 mod 2. Therefore

2B = 1Po) = x(L+ 1= )Po)= (=L + > = {HPg)=1

because of v 4 _
cevtcomema] o] 1]

which is obtained from (6.1.3.). [J o
PROPOSITION 6.1.4. Let b be an element of Z[{]. If b=1 mod(1 —{)?, then
a(b' " (w4 Po))=0,(Poy T x(b T — )a(b T v+ Po)(14(d° = 1)).
ProoF. The statement follows from 4.2.8(1) and |
exp[3(Nb—1)L(Py, Po)]=0,(Po)™" ™!
which is given by 6.1.2. [

LEMMA 6.1.5. Let ¢(u) denote the function (9, — 0,5 11)). Then

D) ()= *o(w),
(2) ewerl(, 0(30)),
(3) the Taylor expansions of cr(u)3<p(u) at O and P0 are of the form

o(u)ou)=2u, +(d°(u,, u,)=2) and
| (v + Po)*@(v+ Po) = 6,(Po)X(— 1 +(d°(vy, ;) 2 1)) .
Proor. (1) follows from 4.2.5 and the definition of p-functions. (2) follows from

(ap)u)=— 05 (u)’0 1(u) = 01 (u)?0,,(u) + 20’1(“).0'2@)%2(“) +0, 2(“),20'4(14), .
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The statement (3) is easily derived from the equation above and 6.1.1. [

THEOREM 6.1.6 (Grant [9]). Let o(u):=(02,—0,.6011)u). Let beZ[{] and
assume b=1 mod(1 —{)2. Then Yy +.-(u) @b **""u) is of the form

Yoo @3B 7T =2y) Y, y;x(uy
0 5_!_503(Nz-5- 1)
Jj=0 mo

with every y;€ Q({). Moreover, y3pp—-1y=(—1)"b*** and yo= —1.

Proor. First, we look at the Laurent expansion at u= 0. By 6.1.5(3) and 6.1.1(1),
we have

ll’b‘ +:"‘(M)(P(b1 +'-lu) |uex"l(C)
_ o' 'u)Pe(b' ** " 'u) _ 26 Yuy +(d°(uz) = 2)
o, (u)*™" (—u3 +(d°(u)=4)*""
1 —1/ 1 \3WNb-1)
=(__1)Nb2br+l 4o e=(— 1)Nb2bt+l (_) 4.

=(—1)N22b"* 1 y(u)(e(u)3™N° ~ V) + “lower terms of power of x(u)>>) .

Here we used 2.3.1 and the fact that the above function is a polynomial of x(x) multiplied
by y(u), which is deduced from that this function is odd and o, has only zeroes at ue A
by the first statement of 2.2.1(2). Secondly, we look at the Laurent expansion at
u=P, (k(P,)=1(0, 1/2)). Since b=1 mod(1 —{)? we have b**! =1 mod(1 —{)2. Because
of (1—-{)P,eA and ¢(u) being periodic, we have @(b'** '(v+ Py))=q@(b*** v+ Py).
Consequently, 6.1.4, 6.1.1, 6.1.5 and 6.1.3 imply

‘/’b”f"(v"‘Po)s‘P(bl+I_I(U+Po))|v+poe,‘-1,(c)

_ o0 w4 Po)Pob T v+ Py))
ax(b* 7 (0 + Po))*N v+Poex~14(C)

_05(PoP™ Va(b o+ Po)’x((b' T = 1)Po)*(1 +(d°(v;) = 1))e(b ' ** v+ Py)
- Lo o+ Pody((b' ¥ = DPoX1 +(d°(v) = 1) >
_ 03(Po)*™ " Vg y(Po)*(—1+(d°(v) 2 1))
- o,(btt 1U+P0)3Nb
=—14+(d°(v))=1)= —2y(u)(1+(d°(x(u))=2)).

x((bl +r-1_ 1)P0)3(1 —Nb)

Furthermore, since
Yoo ([ =L T2@ T =L W)= =27 201w @b 7 'u)
by 4.2.5(1), the function must be a polynomial of x(u)® multiplied by y(u). [

6.2. The curve defined by y2=x°—x. We treat here the other genus two curve
C defined by y2=x3—x. The ring Z[[ { |] can also be identified with Z[{] by 4.1.1(2).
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The endomorphism [ —{/ 7] acts as
I_—C"’l(ul,uz)=(—C"u1, —Csjuz)
because [ { o ={w™ and [{ 0P ={?w®. We let c=1, a,=i, ¢c,=—1, a,= —i,
¢,=0, in (1.1.1). In this case
o = [ —2K,(* 2K,(*-0) :I
| —2K,0 2K,((°—(?)
, | 2K, (E2=C+1)  2K,(—C+1) :I

“ Tkt -1 2K~ 1)

. [ —2H, 2H1(56—c7)]

"L o 2wy )

, [ 2H,C5=07+1) 2H,(={7+1)
" om -5+ 2H2(—45+1):|'

Our choice of P, in C? gives
(6.2.1) PO=[KI(C'CZMS)—K1 ]:w[ —172 ]+a)[ _1/2],
' Ky(P={°+)—K, 0 0
and
(K (E—-02+0°-1) :I ,[ 1/2] ”[—‘1/2]
6.2.2 P,= = .
( ) I_Cj 0 [C3K2(C3—C6+C—1) w 1 +w 0

Then our arguments go in parallel with the previous subsection. Instead of (6.1.4) we
derive

(6.2.3) (FCT—I)PO=w’[ i ]+w”|:g]

from (6.2.1) and (6.2.2), and then

(6.2.4) o(w+[{1Po)={%a(v+ Po)exp[L(v, ([ { ]—1)P,)]
and

(6.2.5) O'ij(l—c—lpo)=Céaij(Po)+O'i(Po)('lij+’1§j)C6+0'j(Po)(’11i+’1§i)C6
instead of (6.1.5) and (6.1.6), respectively. Then we have o,,(Po)=H,(—1-
2./40,(Py)=0. Thus, we arrive at

PROPOSITION 6.2.1. Assume C is defined by y>=x°—x. Let P, be the point whose
coordinate is given by (6.2.1). Then
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(D o(w)=u; —4u3+(d°=5),
_ ')"22 2 1 3 7122 2
2 0'(v+F'o)—0fz(Po)(Uz'*”)’12"1”2'*'702 —?v1+ 2 e
2
+ V12722 Ulvzz+7_§2_vg+(d°23)),

2
where y,,=H (-1 —(\/5— 1)i) and y,,=2H,(—1 +\/—2— +1i).
PROPOSITION 6.2.2. 0,(Po)*=exp2L(P,, P,).

Proor. Take y=y(u) as a local parameter at P, along x~'1(C). By 3.2.2(1), we
have 2y(u)o,(u)* = a(2u). After differentiating this with respect to y, by setting u= P,
we get 20 ,(Po)* =20,(2P,) because of y(P,)=0 and ¢(2P)=0 which is led from the fact
2P, e A. Similarly, by differentiating o(u+2P,)=x(2P,)o(u)exp L(u+ P,, 2P,) with
respect to u, and setting u= P, we get 6,(2P,) =exp 2L(P,,P,) because ¢(0)=0,5,(0)=1
and x(2P,)=1 where the last is obtained from (6.2.1) and the definition of y( ). Hence
the statement. [J

We denote by 1 the element of Gal(Q({)/Q) such that {*={3. Then 1+ is a type
norm (see 4.2.7) in Z[Gal(Q(¢)/Q)].

PROPOSITON 6.2.3. Let b be an element of Z[{]. If b=1 mod 4, then
(b1 (04 Py)=0,(Po)N 1o *o+ Po)14(d°=1)).

PROOF. By the assumption, b'**—1=0 mod4 and hence (b!**—1)P,e24. So
(b **—1)Py)=1. Moreover Nb—1=0 mod 4 and 2P, € A. Then the statement follows
from 4.2.8(1) and

exp[3(Nb—1)L(P,, Py)] =0,(P o)Nb_ !
which is given by 6.2.2. [

LEMMA 6.24. Let @) :=(H2222:— 6030111+ 301112 — 60110 12)9222)W).
Then it has the following properties.

M) o w=C0(w),
2 oewerll, 0(50)),
(3) the Taylor expansions of o(u)>p(u) at O and P, are of the form

o(u)>p(u)=u3 + c ui +couyuy +(d°(uy, uy) = 4)
for some constants c, and c, ,

a(v+ Po)*@(v+ Po)=0,(Po)*(1 +(d°(vy, )= 1)) .
ProoF. (1) follows from 4.2.5(1) and the definition of go-functioris. Since

0(U) (92222 — 6030 U)=(—022220+406,,,6,—363,)u),
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o(u)’p,,,)=(—203+30,0,,0—0,,,0)u),
W (2 1112— 601107 W)=(—0111,0+3611,0,+0,1,0,—30,,6,,)u),
0()> 9 222(W)=(—203 +306,0,,0 —0,,,6*)u)
the statement (2) holds. The expansion in 6.2.1(1) gives"
(— 032220 +40,,,0,—303,)u)
= —(d°= 1)y +(d°=3) + 4= 2+ (d° > D) —u2 +(d° > 4) — 3(— 2u, +(d° = 3))?
= —4u?+chui+chuu, +(d°>4) for some constants c; and ¢},
(—263+306,0,,0—0,,,0%) (W)
=—=2(1+@d°=21))*+3(1+(@d°=1))d°=3)(d°=1)—(d°=3)d° >1)?
= _24(d°>2), |
(-—0'11120'+30'11201—3611102—301@12)(14) |
= —(d°= 1)y +(d°=3))+ 3(d° > 2)(d° > 4) +(d° > 2(d° > 2)— 3(d° > 3)d° > 3)
=d°=2), o ~
(=263 +306,06,,0—0,,,6%)u)
= —2d°22 +3(d°>2)d° > )d°> 1) —([d° = 0)d° = 1) =(d° = 2).
Therefore
a(U)S o) =u2 +c,u? +cu u, +(d°=4)
for some constants c¢; and c,. Similarly, 6.2.1(2) gives
(=202 +30,0,,0—0,,,06*)v+P,)
=0,(Po)’[—2d°=2)3+3(d°=2)(d° = 1)d° > 1)—(d°=0)d° = 1)*]=(d°=>2),
(—011120+361120,+061,,6,—36,,6,,)(v+Po) | '
= 6,(Po)?[ — (d° = 0)d° > 1) + 3(d° > 0)(d° > 2)
F(=2+(d° 2 D)1+ 1)) —3(d° = 1)d° 2 0)] = 6,(Po)(—2 +(d° =1)),
(—203+30,0,,6—0,,,0%)v+P,)
=0,(Po)’[—2(1+(@d° 2 1))*+3(1+(d° = 1))d°=0)(d°>1)—(d° = 0)(d° > 1)?
= 0,(Po) (=24 (d°>1)).
Hence o(u)’p(v+ Py)=0,(Po)’(1+(d°=1)). This is (3). O '
THEOREM 6.2.5. Let o(u) be asin 6.2.4. Let be Z[{] and assume b=1 mod 4. Then
Ypi+(u)> @b T u) is of the form
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Yy w’ob! Tu)= . Z ?jx(u)j

with y;€ Q(¢). Moreover, ysn,—y=b2""? and y,=1.

Proor. We follow the same arguments as in the proof of 6.1.6. We look at the
Laurent expansion at u=0. By 6.2.4(3) and 6.2.1(1), we have

a,b1+tu5 b1+tu _b1+t 2tu2+ d°(u >4
s b1 ) = O OO = (b7 4 (d ) 2 4)

0 5(u)*N T (—uR 4 d%(uy) = )N
=p2+1) 1 +-"=b2(’+1)<_1_)5Nb_1+.”
uZIONb—2 u22

=b2+ Dx(u)®N*~1 4 “lower terms of power of x(u)”,

since the above function is even and so a polynomial of x(u). Then we look at the
Laurent expansion at u= P, (k(P,)=1(0, 0)). Since =1 mod4 and so b**'=1 mod 4,
we have @(b! " (v+ Py))=@(b' v+ P,). Therefore, 6.2.3, 6.2.1 and 6.2.4 imply
Yp1+ v+ Po)’@(b’ (v + Py)) |.,+poe,¢— 14C)

_ (b " (w+ Po)*p(b! * 0+ Py)

B 05(b' (v + Po))>™ v+Poex~11(C)

_02(Po)’ ™ Va(b! Tru+ Po)°x((b ' T —1)Po)*(1 +([d°(v)) = 1)e(b ' *v + Py)

- 62(Po)*™(1+(d° = D)x((b **— 1)Pe)™

_ 63(Po)>™ 7 Vg y(Po)*(1 +(d°(vy) 2 D)x((b T = 1)Pg)>! ™™

- 02(Po)*™(1+(d°= 1)

=x(b' T —=1)P)* N1 +(d°(v1) 2 1)) =1+(d°(x(u)) = 2) .
Here the last equality follows from the fact that b!**—1 is divisible by 4 and so
x((b***—1)Py)=1. According to 4.2.5(1),

Vi ([ T30 [ Ty =03 Dy, (1)’ (b + ),

and hence the function must be a polynomial of x(uw)*. [J

7. Genus three curves of cyclotomic type.

7.1. The curve defined by y2=x7+1/4. Let us treat the genus three case. First
example is the curve C defined by y2=x7+1/4. As in Sections 5 and 6 the ring Z[[ { |]
is isomorphic to Z[{]. Then [ —¢’ 7| acts as

I__Cj_l(uls u2)=(—'cjul, _CzjuZa _Csju3) .

We let C=-—-4_1/7, a1=_4——1/7C, cl_____4—1/762’ a2=—4_1/7C3: c2=_4—l/7c4, ay=
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|

—47V7ES ey =—4717¢% in (1.1.1). Then

2K ,((3—(% 2K,((3—(% 2K,(¢—C?)
o'=| 2K,((3—{) 2K, ((°—0) 2K,((*—(%
L 2K5(C—03) 2K5(82—C3) 2K,4(L3—-(°)

[ 2K,(0P -+ 2K+ 2K, (D)

w"=| 2K({>—L+L0—L4+L2 1) 2K,((°—C*+ (2~ 1) 2K2(CZ—1):I,
L 2K5(0—E3+ 0200+ 03— 1) 2Ka(2 L0+ (3~ 1) 2K,4(°—1)
[ 2H,((*-C%) 2H,(*-0°) 2H,(°—C°)
n'=| 2H,((*—{°%) 2H,({—(%) 2H,(°-0% |,
L 2H5((°—{?) 2H5((°—(?) 2H5(*-0)
[ 2H,((* =03+ -0+ 0°—1) 2H,((* -7 +L°—1) 2H,((°—1)
n"=| 2H((*—(°+{—03+(7=1) 2H((-CP+(°—1) 2H(°-1) |.
L 2H,((C =P+ =L+ =) 2Hy((P—({+{*—1) 2H((*—1)

The point P, in C3 is given by

K-+ =04+ =()—K, 3/7 1/7
(7.1.1)  Po| K,((2—{*+(°—(+(3—0%)—K, |=0'| 2/7 [+0"| YT |.
Ky@—{+02 =P+ {—{"—K; 1/7 1/7
Then
C—4/77] 17 3/ 1/7
[(Po=w'| =5/7 |+o" 1/7:|, |‘c27po=w'[2/7}+w"|: 1/7 ]
| —6/7 - 1/7 1/7 —6/7
- —4/77] 1/7 3/7 1/7
(7.1.2) [3Po=w'| =5/ |+o" 1/7:|, [_C4_|P0=w’|:2/7:|+w”|: —6/7:|,
L 1/7 L 1/7 1/7 1/7
—4/7 1/7 3/7 —6/7

2/7
1/7

1/7
1/7

I

I_CS—IPO':CO/I:

]s ‘_C61P0=w’|:

2/7
1/7

1/7
1/7

7]

To compute the Taylor expansion at u=P,, we again follow the arguments in 6.1.

Instead of (6.1.4) we have

-1
-1
-1

(7.1.3) (|_C_|—1)Po=w'|i

which is given by (7.1.1) and (7.1.2), and then

I

0
0
0

]
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(7.1.4) o(+[ {1Po)=C{?6(v+ Po)exp[L(v, ([ { 1—1)Py)]
and
(7.1.5) aij(rc—]PO)=C4Gij(P0)+ai(Po)(—nij_"éj“'l:,'aj)cz

+0'j(Po)(—'lii_'1'2i—’73i)C2
instead of (6.1.5) and (6.1.6), respectively. Then we have
611(Po)=2/Ae05(Po)=0,(P) 20,  045(Po)=2H (—L3+L*+{®)a,(Py),
022(Po)=4H,({*+{+(%)o5(Po) , 13(Po)=0,
023(Po)=2H (=2 +{*+{%0,(Po),  033(Po)=0.
Since the Taylor expansion at O is given by 2.1.1(3), we have obtained the following.

PROPOSITION 7.1.1. Assume C is defined by y*> =x"+ 1/4. Let P be the point whose
coordinate is given by (7.1.1). Then

1) o(u)=uus—ui —zuf —tuu3 +(d°=6),

@ a(v+Po)=az(Po)(v2+%vf+y12v1vz+%v%+(y—;i——_§,—)v%

2 2
Y22 |, Y12\ .2 V12722 2, Y22 3, Y23 ,
+ 224+ 22 Vo2, + voi+22 034723 42
(8 4)12 4 102 3 2 4 103

+ 922712010203 + V227230203 +2§—3— v,03 —-:1;— v3+(d°=4),
where y1,=2H (—{>4+{*+{°), y,, =4H,({*+{+(°) and y,, =2H2(.—CZ+C5+C4).
PROPOSITION 7.1.2. 0,(P,)” =expZL(P,, Py).
ProoF. Because of y(Py)=1/2, it is obtained from 3.2.4(2) and (3) that
0(3Po)=0,(Py)° and  o(4Py)=04(Po)'°,
respectively. On the other hand, from 3.1.1 we get
6(4P,)=0(—3Py+7P,)= —exp[3L(P,, Po)]a(3P,) .

Here we have used that 6(— 3P,)=0d(3P,) and (7.1.1) which implies x(7P,)= 1. Therefore
we obtain

62(Po)'® =exp[3 L(Po, Po)]o2(Po)°
and hence the statement. [

We denote by 7 the element of Gal(Q({)/Q) such that {*={3. Then 1+1 is a type
norm (see 4.2.7) in Z[Gal(Q(¢)/Q)]-
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LeMMA 7.1.3. IfbeZ[(], then y(b*** ' ** "= 1PN~ 1=1.

PrOOF. The proof is almost the same as that of 6.1.3. We may assume Nb is
even. By the assumption on b, we may write b*** T =(a,{ +a,{2+ a3 +alt+
as{’+ael®)(1—{)+1 with integers a;. Since 2 is a prime in Z[{], we have b=0 mod 2
and hence b1 **"'** =0 mod 2. Then we see a; =a;=as=1mod2 and a,=a,=as=0
mod 2. Therefore ;

(BT —1)Po) = x(C + 3+ )L —L)P)
==+ =4+ —(O)P)=1

| _3 1
(C—CZ+C3—C“+C5—CG)PO=w’[ ——2]+w”|: 1 :l
—1 1

which is obtained from (7.1.2). [
PROPOSITION 7.1.4. Let b be an element of Z[{]. If b=1 mod(1 —{)?, then

o T v+ Py))
= (BT T =P, (PN o (b T T T 0 Po)(1+(d° 2 1))

because of

ProoF. ‘' The statement follows from 4.2.8 and
exp[3(Nb—1)L(Py, Po)]=0,(P O)Nb_ 1
which is given by 7.1.2. [

LemMmA 7.1.5. Let o(u):=(p?,— $22611) ). Then

(M) o w=Cp(u),
(D ewel(, 0(30)),
(3) the Taylor expansions of a(u)>(u) at O and P, are of the form

o(upp(u)=2u? +(d°(u;, uy uz)=4)  and
(v + Po)’ (v + Po)= — 6,(Po)*(1 +(d°(vy, v2, v3) 2 1)) .
The proof is similar to that of 6.1.5 and we omit the details.

THEOREM 7.1.6. Let o(u)=(p1,— £,.011)u) as above. Let be Z[{] and assume
b=1 mod(1—{)2.
(1) If Nb is odd, then @y:+.-1+--2u)3@(b' " 'u) is of the form

Wpeemtee2w) @b 7 T ) =2y (u) )y y ey
0<j<OMb - 1)/2
j=0mo

with ;€ Q. Moreover, youp— 1y, =b> 17" and yo= —1.
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(2) If Nb is even, then @yi+c-1+.-2(u)@(b' " 'u) is of the form

¢b1+z"l+¢‘2(u)3(p(bl+t—1+t~2u)= Z 'ij(u)]
0<j<(9Nb-—2)/2
j=0mod 7

b2(t+ 1+¢

with y;€ Q). Moreover, yonp - 2)2 =2 " and yo=—1.

ProOF. First, we look at the Laurent expansion at u=0. By 7.1.5(3) and 7.1.1(1),
we have

(7.1.6) Ypree o 2P0 ) o e
B a(bl+t'1+z‘2u)3¢(bl +t"‘+t‘2u) B 2(b1+t“+t—2)2ru§+(d024)
- o (u)> C(—2u—dui+ @ 29
_ 2(b2(t+l+t'1))u32+(d024) 1

=(—1 Nb2b2(t+1+t“) 4+
(_u33+(d025))3Nb ( ) u39Nb-2

This function is odd or even and o, has only zeroes at ue A by the first statement of
2.2.1(3), and accordingly is a polynomial of x(u) multiplied by y(u) or a polynomial of
x(u), respectively. If Nb is odd, then the last of (7.1.6) is

2et14e-1) —1 1 9(Nb—1)/2
=2h4C v + -

7 2
Uz \Uj
=2p(u)(b2C* 17 Dx(u)°>Wo~ 1/2 | “lower terms of power of x(u)”)

by 2.3.1 and 2.3.2. Similarly, if Nb is even, then the last of (7.1.6) is

2etide-1) 1 (9Nb—2)/2
=2b“C t i 4.

2
us
=2b26EF 1+ Dy(y)ONb=2)/2) 4 “lower terms of power of x(u)” .
Secondly, we look at the Laurent expansion at u=P, (k(Po)=1(0, 1/2)). Since b=1
mod(1—{)?wehave b'**"'**7*=1mod(l —{)>2. Because of (1 —{)P, A and ¢(u) being

periodic, we have @b 't v+ Py))=¢(b' v+ Py). Therefore, 7.1.3, 7.1.1,
7.1.4 and 7.1.5 imply

(7.1.7)
'//blﬂ"+r“2(U+Po)3(P(b1+t_l+t_2(v+Po))l,,+poe,<—x,(c)
_ o T 04 Po))o(b T T (0 + Py))
B Gz(blh—lﬂ—z(v'*'Po) 3Nk v+Poek ~11(C)
={02(Po)*™~Va(b <+ Pu 4 PolPy((b* ** T T — 1)Po)* (1 +(d°(v)) 2 1)
(BT T PO {ay(b T o+ Po)Ney((b T 1)P,)*N?)
02(Po)* ™~ Vay(Po)*(—~1+(d°(v,)21))
B 02 (Po)™(1+(d° = 1))

(by 7.1.3)
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1+ @y 1)={ —2)w)(1 +(d°(w)=1))  if Nbis odd,
o —1+(d°(x(w)=1) if Nbis even .

Furthermore, since

Ypiee 1o =L TW@B T T = ) = (= 1N -1 2(w)(b T )

by 4.2.5(2), the function must be a polynomial of x(u)’ if Nb is even, or a such multiplied
by y(u) if Nb is odd. [

7.2. The curve defined by y>=x7 —x. Second example of genus three is the curve
C defined by y?=x7—x. The ring Z[[ { |] is isomorphic to the ring Z[i]J® Z[{] by
[¢7 )~ i@ ¢/ by 4.1.1(2). The endomorphism [ {7 7] acts such as

(7.2.1) [C9 Wugsua, us)=(Vuy, iJu,, {>us)
because [ { lw¥={/0? for j=1,2,3. We let c=1, a,=C(3?, ¢, =% a,=(%, c,=(5,
a;={1 ¢;=0, in (1.1.1).
As in the previous subsections, we have
[ —2K,{° 2K,(*—-(% 2K,((*-0)
o'=| —2K;{® 2K,({+(% 2K, (—1-¢%) |,
L —2K30 2K3(—(%2—07) 2K3(—(*=07)

[ 2K ((* P40+ 2K (03407 —-(+1) 2K (—(+1)
"= 2K, 0 2K,(—¢3+1) |,
L 2K (=02 =03 04— +1) 2K3(—0P 04 =P +1) 2K5(—(%+1)

[ 2H,{ 2H,(—(*+(%) 2H(—(%+0°)
' 2H,(% 2H,(—(°—=03) 2H,(—1+(3%) |,
L 2H0°  2H,(0*+(%) 2HA(*+0)

[2H(=0CH 004D 2H,C =0 D) 2H, P4
"= 2H, 0 2H,(*+1) |.

— 2H (A PH 0+ 2H(—PHP 40+ 2H5(EH+D)

Furthermore,

K\C-C02+(*=(*+(%)—K, -1/2 -1/2
(7.2.2) Po=| K,((34+1-(3—1+¥)—K, |=w’| 0 +w”l 0 .

Ky +*+ 2+ %+ 0)—K; 0 0
and, by (7.2.1),

=
Il
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(K (—14+0=024+03 =04+ -1)
(7.2.3) FﬂPo=[ K (—1+03+1-03—1403-1) ]

K (—1-0°+0*+ 03+ 02+ 0 1)

1/2 —1/2
=w’[ 1 :|+w"|: 0 ]
1 0

Let us compute the Taylor expansion at u = P, explicitly. Again, the method is the
same as in 6.1. In a similar fashion as we derived (6.1.4), (6.1.5) and (6.1.6), we have

1 0
(1.2.4) (|‘c‘|—1)P0=w'[ 1 ]+w”|: 0 ] :
—1 0

(7.2.5) o+ 1Po)={3a(v+ Po)exp[L(v, ([ { 1-1)Py)],

and

(7.2.6) o.ij(l—c—lPO)=C30ij(P0)+ai(P0)(r’JI'1 +nj2+nj3)° +0;(Po)niy +1i2+ 1303,

respectively. Then
711(Po)=0, 612(Po)=H,(—1—(2—/3))o,(P,),
0,:(Po)=H,(—1—1i)o,(P,), 013(Po)=0,
033(Po)=Hy(—1—(/3 +2))o,(P;),  035(Pe)=0.

Thus we arrive at

PrROPOSITION 7.2.1. Assume C is defind by y>=x"—x. Let P, be the point whose
coordinate is given by (7.2.1). Then

(1) o(u)=uyus—uj —i5ui —3u,u3 +(d°=6),
_ Y22 2 1 3
)] o(v+ Po)=06,(Po)| v2+712010; +*2—Uz +7130103 “")’23”2”3"?”1
2 2
‘*‘1‘1‘—2”1202"‘ Y12V22 V103 +712Y23010203 +2§—2 v;
2
+ )’22?‘23 viv, +——y23 vzvf——;— v§+(d°24)) ,

where y,,=H,(—1—(2—./3)i), y22=H,(—1—i) and y,3=H(— 1 —(/ 3 +2)i).
- PROPOSITION 7.2.2. 0,(P,)® =exp4L(P,, P,).
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Proor. Take y=y(u) as a local parameter at P, along «~*1(C). By 3.2.4(2), we
have 8y(u)o,(u)° = a(3u). Operating d3/dy? to this and setting u=P,, we get

(7.2.7) 270'1 1 1(3P0) + 60-2(31)0) - —480'2(P0)9
because of y(P,)=0 and 2.3.2(3). Moreover, we have the equation
- (7.2.8) o(u+3Py)=x(2Py)o(u+ Py)exp L(u+ Py+ Py, 2P,)

given by 3.1.1. Operating 03/0u; to (7.2.8) and putting u=0, we get a,,,(3P,)=
—0411(Po)exp2L(P,, P,) because of ¢(0)=0, ¢,(0)=1 and x(2P,)=1. Similarly,
differentiating (7.2.8) with respect to u, and setting u=0, we get

(7.2.9) 0,(3Py)=0,(Py)exp4L(Py, Py) .
Summing up (7.2.7), (7.2.8) and (7.2.9), we arrive at the statement. []

We denote by 7 the element of Gal(Q({)/Q) such that {*={°>. Then 1+7 is a type
norm (see 4.2.7) in Z[Gal(Q({)/Q)].

PROPOSITION 7.2.3. Let b be an element of Z[[{ |]. If b=1 mod 8, then
a(b1 T (v + Py)=a,(P)N " la(b *v+ Po)1+(d°=1)).

ProOF. Note that 2P e A. By the assumption, b'**—1 is divisible by 8. So
x((b***—1)Py)=1. Moreover Nb—1 is divisible by 8. The statement follows from 4.2.8
and

exp[3 (Nb—1)L(Py, Po)]=0,(Po)™ 1
which is given by 7.2.2. [
LemMMA 7.2.4. Let

PW):=[74(02222—6603)0 111+ (01112 =660 11922)02221W) .
Then it has the following properties.

1) o T w=C%0w),
@ oWell, 0(50),
(3) the Taylor expansions of o(u)’>@(u) at O and P, are of the form

o(u)> (u)= —u3 +(d°(uy, uy, u3)>5),
0(v+ Po)*@(v + Po)=0,(Po)*(— 1 +(d°(vy, vy, v3) 2 1)) .
Proor. (1) follows from 4.2.5(3) and the definition of g-functions. Since
0(U)* (92222 — 60520 U) =(—022220 + 402,60, ~303,)w),
ow)’p 1, (W)=(—203+30,6,10—0,,,05) W),

0'(”)2(801112_6801180222)(’4)=(_°'11120'+30'1120'1"0'1110'2—30'110'12)(”) >
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0(u)* 9 225(u) =(—203 +306,0,,0 —0,32,0 %)),
the statement (2) holds. The expansion in 7.2.1(1) gives
(— 022220 +4033,0, —363,)(u)
(@2 2d° 2+ 4d°>2)d° 2 D)= —2+(d°22)*=12+(d°>2),
(—2034+30,0,,0—06,,,0%)u)
= 2(uy +(d° = 3)P +3(d° > 1)(d° > 2)d° = 2)— (d° = 1)d° = 2)?
= —2ul+(d°24),
(—0611126+306,1,6,—01110,—3061,61,)1)
= —(d°20(d°22)+3(d° > 1)d° = 1)+ (d° = 0)(d° = 1) — 3(d° 2 2)(d° > 2)
=d°=2),
- (—=203436,06,,6—0,,,6*)u)
=—2d°=1>+3d°=1)d°=1)d°=2)—(d°=3)d°=2)*=(d°=3).
Therefore o(u)’p(u)= —u3 +(d°=5). Similarly, 7.2.1(2) gives
(—263+36,0,,6—0,,,6%)(v+Py)
= 2(d°2 1)+ 3(d°> 1)d° = 1)d° = 1)— (d° = 0)d° = 1)> =(d°>2),,
(—011120+306,120,+0,,10,—30,,6,,)v+P,)
=0,(P,)*[—(d°=0)d°>1)+3(d°=0)d°>1)
+(1+(d°= D)1 +(d°= 1) 3(d° = 1)(d° = 0)]
=0,(Po)*(1+(d°21)),
(=263 +4306,0,,6—0,,,0*)v+ Py)
— 0,(Po)*[— 2(1 +(d° = 1))® + 3(d° = 0)(d° = O)d° = 1) — (d° = 0)(d° > 1)?]
=0,(Po)3(—2+(d°=>1)).
Hence o(u)’@(v+ Py) =06 ,(Py)°(1 +(d°=>1)). So (3) is proved. [
THEOREM 7.2.5. Let @(u) be as in 7.2.4. Let be Z[[ { |] and assume b=1 mod 8.
Then @y +(u)’@(b' **u) is of the form

Ypsa+a(w)’@b' T u)= > ¥ x(uy
. 0<j<(15Nb-3)/2
j=0mod6

with y;€ Q({). Moreover Y snp-3y2=b>""? and yo=1.

ProOF. The proof is almost the same as that of 6.2.5. First, similarly as in 6.2.5,
we have
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o.b1+zus b1+ru _b1+r 3tu3+(d°u)24
!//bl‘”'(u)s(p(bl+tu)|uex“l(c)= ( ) (gl(su; ): ( ) 33 ° s S)Nb
o,(u) (—2uy —duz +(d°(u3) = 4))
\ 1 sern[ 1 \SNE=32
— t+1 e — T ) PN
=b™ ’WJF =b <T§) +

=h3C* D(x(u)15NP~3)/2 4 “lower terms of power of x(u)”) .
Secondly, since b=1 mod 8, we have b*" ! =1 mod 8. Because of 2P, € 4 and ¢(u) being
periodic, we have @(b!**(v+ Py))=@(b' **v+ P,). Consequently, 7.2.3, 7.2.1 and 7.2.4
imply
Yo+ + Po)’ (b " (v+ Py)) lo+ Poex- 10
_o(b' T 0+ Po)) (b T (v+ Py))
a5 T v+ Py))°™ v+Poex~11(C)
_ 02(Po)*™ ™ Va(b "+ Po)*(1+(d°(v) = 1))p(b ' **v+ Py)
- 62(Po)™N(—1+(d°=1))
02(Po)* ™™ Vg ,(Py)>(1+(d°(v;) = 1))
02(Po)* (1 +(d°>1))
=—1+d°(v)=1)=—1+d°(x(u))=1).

Furthermore, since i+« —¢ ) @b —{Tu)= —3™ =Dy, (u)’p(b ") by
4.2.5(3), the function must be a polynomial of x(u)®. [

8. Some remarks and comments.

1. As is mentioned in the beginning of Part II, in each formula in 5.1.3, 5.2.3,
6.1.6, 6.2.6, 7.1.6 and 7.2.6, the coefficients of the right hand side, which side is a
polynomial expression in x(u) and y(u), are contained in the field Q({). Furthermore we
can prove that the coefficients of the right hand side of each formula of 5.1.3 and 5.2.3
are contained in Z[e?"/*] and Z[i], respectively. The coefficients of the right hand side
of the formula in 6.1.6 are also contained in Z[e2"/*] (see [9] or [17, p. 46]). For each
of the other three formulae, its coefficients seem also to be contained in the ground
integer ring.

2. Theorem 5.1.3 implies
[T x(P)=(—1)N"1p.

Peb*(0)o.
(1 -0Po#0
/£1

Theorem 5.2.3 implies
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[T xP)=(—1)""'52.
Pebd*(p0)o,
(1+i)Po#0

/1

These are versions of the product formula of Eisenstein.

3. Theorem 6.1.6 (Grant’s formula) implies

Pei(C) b1+ 'y¥(e)
2P+0
/1

where - denotes an intersection of cycles in J. In fact, the cycle C)-(b'**™ )*(¢)o
contains only five 2-torsion points (—43(/,0) with j=0, ---,4 (see [9, p. 131]).
Theorem 6.2.6 also implies that the product of roots x(u) of the right hand side of the
formula of 6.2.6 is equal to 1/b>* *?, Similarly Theorem 7.1.6 states that the product
of roots x(u) of the right hand side of the formula in 7.1.6 is equal to + 1/b2¢*1+=™H
or +1/2b%¢*1+:™Y and Theorem 7.2.6 states that the product of roots x(u) of the right
hand side of the formula above is equal to 1/631*?, These are generalizations of the
product formula of Eisenstein.

4. The polynomial of x(u) in the right hand side of each of the formula of 5.1.3
and 5.2.3 is known to be irreducible over the ground ring when b is a prime element.
It is unknown whether the other polynomials of 6.1.6, 6.2.6, 7.1.6 and 7.2.6 are
irreducible.

5. The roots of each polynomial of x(u) generate a finite algebraic extension over
the ground field. For the genus one case, such extensions are known to be abelian.
Contrarily, the extensions in higher genus cases seem not to be abelian but to have very

large Galois groups. For Grant’s original formula, some numerical examples are given
in [17].
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